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This work presents information obtained from high-speed video and electrical 
monitoring of electrical breakdown (discharge) events during plasma electrolytic 
oxidation (PEO) of aluminium alloy substrates. Discharges were found to occur in 
extended sequences termed “cascades” at particular locations. This was a feature 
common to all the substrates and processing frequencies investigated. As the coating 
thickness increases, the characteristics remained broadly similar, although discharges 
become more energetic and longer-lived.    
Short PEO treatments were applied to existing PEO coatings in order to investigate 
the microstructural effects of discharge cascades. It was found that cascades persist at 
particular locations due to the residual deep pore channel left by previous discharges in 
the cascade. Observations were made of the way the coating was restructured around a 
cascade location. 
 Samples were illuminated with very high intensity flashes during PEO processing, 
revealing that relatively large (  mm diameter) bubbles form where a discharge emerges 
from the surface of a coating. Analysis of the overall energy consumption, as well as the 
energetic processes occurring within an individual discharge, indicate that the bubble 
growth occurs due to rapid volatilisation of water originating from the electrolyte. It is 
postulated that the growth of this bubble causes the electrical resistance to rise and is 
responsible for the termination of the discharge current. 
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Investigations of high frequency (,4 Hz) processing lead to the discovery of 
discharges occurring during the cathodic half-cycle, after a certain coating thickness had 
been achieved. Cathodic discharges were more energetic than anodic discharges, and 
created large craters in the coatings. Gas evolution was found to exceed the 
electrochemical Faraday yield, and was similar at low and high frequency initially. Once 
cathodic discharges began, the gas evolution rate increased and the coating mass gain 
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Chapter 1  
 
Introduction 
Plasma electrolytic oxidation (PEO) is a method for producing thick, protective oxide 
coatings on metals such as aluminium, magnesium, and titanium. Coatings are strongly 
adhered to the substrate, and complex geometries can be coated easily. The coatings 
enhance tribological performance and corrosion resistance, enabling these metals to be 
used in demanding applications. PEO has similarities to conventional anodizing, but the 
applied potentials (typically a few hundred V) and current densities (tens of A dm-) are 
higher and the coatings are thicker. The process has been called microarc oxidation 
(MAO), spark anodizing, anodic spark deposition or microplasma oxidation, but plasma 
electrolytic oxidation has become the predominant term and will be used in this work.  
During the process, a substrate is suspended in an electrolytic bath and connected 
to a power supply. The applied potential is raised above the breakdown potential of the 
oxide coating, causing through-thickness electrical discharges, which produce visible 
sparks on the surface. Each discharge constitutes a plasma, which facilitates oxidation 
(via thermal, anodic and plasma-chemical reactions) of the substrate, with the 
possibility of deposition of elements from the electrolyte, to form an oxide coating. 
PEO is now a relatively well-established industrial process. The current market 
leader, in terms of supply of PEO technology is Keronite (UK), although activity is global, 
with available products including those from Ceratronic (France), Kepla-Coat/Magoxid-
Chapter   - Introduction 
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Coat (Germany) and Tagnite (USA). Despite this industrial development, the process is 
rather poorly understood, and developments are largely based on empirical observations 
and trial and error. Currently, around half of all the coatings produced by Keronite 
require additional post process treatments, such as polishing to remove a porous outer 
layer or sealing of porosity to enhance corrosion resistance. The PEO process is very 
energy intensive, and inefficient considering that it is thermodynamically favourable to 
covert these metals into their oxides.   
1.1 Applications  
PEO coatings are attractive for many applications requiring resistance to sliding or 
abrasive wear. The main attributes of PEO coatings making them suitable for such 
applications are their high resistance to spallation (due to strong adherence to the 
substrate and relatively low macroscopic stiffness), and high hardness conferred by 
crystalline phases.  
There has been a lot of work on optimization of the wear resistance of PEO coatings 
[ -#], focusing on many different control variables, although the majority of such studies 
present empirical outcomes, rather than identifying the key microstructural features 
and the mechanisms by which they are being manipulated.  
PEO coatings are also commonly employed for corrosion protection, and there are 
many reports of considerable enhancement to corrosion resistance over uncoated metal 
substrates [H- ]. This is particularly true for Mg alloys [ G- F], which are often very 
vulnerable to corrosive degradation without surface treatment. There are many 
examples of improved corrosion resistance being obtained through changes in 
electrolyte composition or processing parameters, although these are often just 
empirical outcomes, specific to particular environments. It may also be beneficial to 
ensure that fluids cannot readily penetrate into the coating and various kinds of surface 
sealing operation are routinely employed, such as painting or impregnation with a 
polymer. 
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Ti is known to be a highly biocompatible material, which means that it is actually 
the titania native oxide on the surface that is biologically benign. In particular, bone cells 
have a high affinity to titania, and tend to grow into porous regions of it, or at least 
adhere well to them and proliferate effectively on them. This is relevant to the 
production of strong bonding between (Ti alloy) implants and surrounding bone tissue. 
The idea of creating a highly porous TiO coating using PEO, or even incorporation of 
bioactive phases such as hydroxyapatite into the coating, has been around for a number 
of years. There are numerous studies on the topic [ #-], although it is yet to be 
employed commercially.  
There is also strong interest in Mg as a biomedical material [G]. Magnesium ions are 
necessary for many biological processes in living cells, so that, in general, corrosion 
products are not inherently harmful. Additionally, the mechanical properties 
(particularly the density and Young’s modulus) of Mg alloys are a closer match to bone 
than those of Ti alloys. However, corrosion of Mg alloys can be very fast, generating 
excessive hydrogen and causing harmful local changes in pH. PEO coatings can be used 
to improve corrosion resistance, and can enhance biocompatibility by incorporating 
calcium and phosphorus from the electrolyte [!-#]. 
TiO is also known to be a very effective photo-catalyst, for oxidation of various 
organic pollutants and pathogens, under the action of suitable radiation [H]. It is 
common to use UV radiation, but certain measures, such as the introduction of Ag 
nanoparticles into the surface [G], allow longer wavelength (visible) radiation to be 
effective. As with bioactivity, this has been known for a long time and the possibility of 
a Ti PEO surface being attractive, in view of its high specific surface area, and its 
potential for the creation of robust structures, was proposed some time ago. There have 
been many investigations [G -GF], with the potential now well established. The anatase 
phase of TiO is thought to be more effective than the rutile phase [G#] and, with this 
effect in mind, there have been studies [GH] in which efforts have been made to raise the 
anatase content of PEO coatings. 
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1.2 Research aims and thesis structure  
Progress has been made in recent years on the characterisation of coating properties, 
including porosity, stiffness, and thermal characteristics. Some of these attributes, as 
well a brief overview the PEO process (including details of the systems used) are 
presented in Chapter . Understanding of the actual mechanism by which the process 
proceeds is still limited. Without this fundamental knowledge, improvements and 
control over the coatings produced can only occur by comparing large numbers of 
different processing conditions. This is time-consuming, expensive, and does not 
guarantee that the optimal conditions will be found.  
Therefore, the aim of this project is to improve the current understanding of the 
fundamental mechanisms involved in PEO process. The discharge events strongly affect 
the microstructure and properties of the coating. Chapter G reviews the literature 
focused on individual discharge characteristics, and the suitability of metals to undergo 
PEO processing.  
Chapter ! presents the experimental methods used in this work. The main 
experimental developments employed here were the use of synchronised high-speed 
video and electrical monitoring, as well gas evolution monitoring. 
Establishing a correlation between individual discharge events and microstructural 
features would allow improvements to the final coating properties to be made. Chapter 
4 presents the results of high-speed video, and high-speed video synchronised with 
electrical monitoring work on aluminium, in which short PEO treatments were applied 
to investigate microstructural effects of discharge cascades. Implications for the 
discharge mechanism are also discussed.  
Chapter - examines the formation and kinetics of the gas bubble that forms around 
a discharge site. Analysis of the energetics of individual discharges is performed, to 
determine how the large amount of electrically injected energy is consumed. This 
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provides scope for future work that aims to reduce the energy consumption of the 
process.   
It has been widely reported in the literature that PEO coatings produced under 
alternating current conditions produce superior (harder, more dense) coatings. 
However, the through-thickness electrical discharges are predominantly reported to 
occur only under anodic polarisation. Chapter F presents investigations of high 
frequency processing, which was found to induce discharges during the cathodic half-
cycle. The microstructural effects are examined and the gas evolution is monitored. The 
processes occurring at high frequency and during the cathodic half-cycle are discussed.  
The conclusions and further work are presented in Chapter #. 
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Chapter 2  
 
The Plasma Electrolytic Oxidation 
Process 
The following provides a brief overview of the systems used to produce PEO coatings, 
as well as the structure and properties of PEO coatings. There are a large number of 
variations, with almost every research group using a different set-up, and often 
employing more than one. The basic similarities are that the component to be coated 
must be connected to a power supply and submerged in an electrolytic bath containing 
a counter-electrode, often a stainless steel mesh, or the tank itself. The electrolyte is 
circulated through a heat exchanger to maintain an approximately constant electrolyte 
temperature, and ensure good mixing of the electrolyte. Variations come in the form of 
the power supply, processing time, and electrolyte composition, which are discussed in 
the following subsections. 
2.1 Background and development 
The PEO process originated from anodizing, and the experimental set-up is broadly 
similar. During anodizing, a voltage (~ –# V) is applied between the work-piece and 
an inert cathode. Certain metals, such as Al, Mg and Ti, form an oxide coating on their 
surface in an electrochemical process. Coatings often have a columnar structure, 
containing nano-scale pores, but can be produced with a sponge-like morphology or as 
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a barrier layer, depending on the electrolyte composition and processing conditions. 
Anodized coatings tend to be largely amorphous or partially amorphous with fine-
grained crystalline regions.  
 PEO employs higher voltages (~4–F4 V), usually operating with an AC electrical 
supply. The high voltage causes repeated dielectric breakdown (conventionally during 
the anodic half-cycle) through the thickness of the growing oxide layer, creating 
multiple, short-lived, electrical discharges which are distributed over the surface of the 
work-piece. Oxidation is not via an electrochemical process in the case of PEO; instead, 
metal and oxygen atoms or ions combine as the plasma, that is created by each 
discharge, cools and collapses. This allows thicker coatings with higher crystallinity to 
be formed. This often results in harder, more wear-resistant coatings.    
2.2 PEO processing 
2.2.1 Power supply and electrical parameters 
A component is suspended in an electrolytic bath and connected to a power supply. 
This can be a simple direct current (DC) supply, mains frequency alternating current 
(AC) supply, or a pulsed, variable frequency, supply, either uni-polar (anodic pulses 
only) or bi-polar (BP) (alternating anodic and cathodic pulses). Schematics are shown 
in Figure . . Operation may be under constant voltage (potentiostatic), constant 
current (galvanostatic) or constant capacitance conditions. Simple DC power sources 
are not commonly used, since there is little control over discharge processes and they 
produce inferior coatings to AC or pulsed sources [!].  




Figure &.( Schematic power supply modes used in PEO processing (a), and representations of current and 
voltage controlled signals (b), from [*(]. 
Figure . shows a typical 4 Hz AC processing rig, which is often used in laboratory 
or small scale industrial settings, although pulsed square waveforms and higher 
frequencies are being increasingly exploited in research and in commercial use. The 
system is relatively simple with only the processing variables being time and applied 
current density, which is usually in the region of tens of A dm‐.  




Figure &.& Schematic of a   kW Keronite™ processing rig [!]. 
A typical example of the bulk electrical waveform for 4 Hz AC processing of 
aluminium is shown in Figure .G. An initial sharp rise in the applied potential is 
followed by a much more gradual increase after around one minute of processing. This 
is a common feature in PEO processing. The initial rise is attributed to thickening of the 
native oxide layer by conventional electrochemical processes, before the onset of 
discharges as the voltage levels off. The important point to note here is that the growth 
rate of PEO coatings is usually linear with processing time (see §.G.), but the applied 
potential does not scale in the same way. The PEO process involves local dielectric 
breakdown of the coating. In order to maintain the necessary electric field across the 
coating, one would expect the potential to increase linearly with coating thickness. One 
interpretation of this is that breakdown actually only occurs across a thin barrier layer 
at the substrate-coating interface. This is further discussed in §.G.G and §.G.! in 
relation to the microstructure and porosity of PEO coatings.  
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 - The Plasma Electrolytic Oxidation Process 
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In recent years, pulsed sources have become more popular, due to the greater degree 
of control [!G-!-]. Parameters including frequency, current, voltage, and duty cycle 
(ratio of the anodic time period to the total time period) can all be varied independently. 
A study by Yerokhin et al. [!!] compared coatings produced on aluminium using 4 Hz 
AC source and pulsed bi-polar source in the kHz range. The energy consumption per 
unit thickness of coating for the pulsed bi-polar source was lowest between  and G kHz, 
but was still higher than the reference 4 Hz coating. However, the bi-polar coating was 
denser and surface roughness was reduced. Hussein et al. [!-] found that coatings 
produced using a pulsed bi-polar supply were more compact and less porous than those 
produced using a pulsed uni-polar supply. 
  




Figure &., (a) Typical variation of the peak anodic and cathodic voltage and current during the first  
minutes of PEO processing and (b) voltage and current waveforms during a single cycle, after   min of 
processing. Reproduced from [!F].  
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2.2.2 Electrolyte Composition and Additives 
Electrolyte compositions used in PEO vary widely according to the substrate and 
application. There is considerable potential for influencing the nature of discharges, as 
well as the resultant microstructure, by altering the electrolyte composition. Electrolytes 
are generally a dilute alkaline solution, with pH values reaching up to ~ G, which have 
significant environmental advantages over the strong acids and chromate-based 
electrolytes used in conventional anodizing. It is not entirely clear why a high pH is 
optimal for PEO, particularly since anodizing is often carried out in acidic electrolytes. 
Furthermore, it is possible to perform PEO in acidic electrolytes, particularly for Ti [!#-
4 ]. The electrolyte conductivity is also significant, since it affects current flow [4] and 
voltage drops across columns of electrolyte in pores within the coating, and can thus 
have an influence on the ignition of discharge plasmas [4G, 4!]. Conductivity values are 
commonly in the range 4-  mS cm- .  
Electrolytes typically contain sodium or potassium hydroxide (~ –  g L- ) with 
additions of silicates, phosphates, and/or aluminates. The purpose of the NaOH or KOH 
is to increase electrolyte conductivity and create an alkaline solution in which silicates 
are stable. Silicates, phosphates and aluminates promote passivation of the metal 
surface, which would otherwise dissolve in the alkali solution [44]. However, many other 
species have been added to electrolytes such as fluorides (particularly for Ti), borates, 
and acetates [4-].   
The role of the chemical species added to the electrolyte goes beyond simply 
changing the pH and conductivity of the bath. Species are likely to enter the discharge 
plasma, where they may influence reactions such as oxidation, and become incorporated 
in the coating themselves. The colour, for example, can be influenced by the species in 
the electrolyte with reports of yellow [4F], green [4#], grey [4H], red [-], blue [- ] and 
black [---!], among many others, being created with certain chemical additions. Other 
features, such as surface roughness, hardness, and reflectance, have also been reported 
to be affected by certain additions. However, the vast majority of these observations are 
Chapter  - The Plasma Electrolytic Oxidation Process 
13 
 
simply empirical and are difficult to decouple from other parameters such as coating 
thickness. It has also been noted [-4] that “ageing” of electrolytes can influence the PEO 
process. This is unsurprising, since there is considerable scope both for chemical 
changes to take place over time in unused electrolyte and, during use, for species from 
the substrate to enter the electrolyte in some form, with potential for contamination 
effects. It is common practice to use freshly prepared electrolytes where practicable, 
although clearly this can be difficult in an industrial environment.  
There have been various attempts to incorporate additions such as fine particulate 
into PEO coatings, by adding them to the electrolyte. A review is available [--] 
concerning this type of measure. Depending on a number of factors (chemical, physical 
and electrical), particles may simply become physically entrapped in the coating as it 
grows or may undergo reactive incorporation. Some success has been reported [  , -F-
F ] for such measures, although there will commonly be a danger that such dispersions 
are damaged or removed during the restructuring associated with repeated discharge 
formation. Nevertheless, it is clear that in some cases even very fine particulate can be 
successfully introduced into PEO coatings in this way. 
2.3 Coating Structure and Properties 
2.3.1 Free surface morphology 
Electron microscopy is usually employed to examine the free surface of PEO coatings. 
This provides useful information on the conditions experienced by the coating during 
the PEO process. PEO surfaces have a characteristic appearance, containing relatively 
coarse pores or discharge channels (~few microns diameter) surrounded by a smooth 
circular “pancake” structure, which is attributed to the discharges. The central pore is 
created as coating material is vaporised during a discharge and the surrounding pancake 
is created by local melting and re-solidification of the coating material caused by the 
high temperature plasma. An example of the evolution of the free surface structure with 
processing time is shown in Figure .!, which shows the size of the discharge channel 
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and surrounding pancake structure increase with processing time until finally the 
discharges become too violent and the structure becomes very inhomogeneous. Radial 
cracks are often seen in the melt-pool structures. These cracks are caused by thermal 
stresses generated by rapid cooling of the oxide once a discharge has extinguished, see 
Figure .4. Under standard conditions diameters were found to increase linearly with 
processing time, as shown in Figure .- [!4, F]. 
 
Figure &.* SEM micrographs showing free surfaces of coatings with different thicknesses, revealing trends 
in surface topography. Reproduced from [FG]. 




Figure &.- An SEM micrograph showing typical features of the free surface of a ! μm thick coating. These 
include (a) a re‐solidified pool or crater, (b) the central sink‐hole (“pipe”) in such a pool, (c) material 
ejected from such pools and (d) localised microcracking. Reproduced from [FG].  




Figure &.. Variation in diameter of the discharge channels (a), and “pancake” diameter (b) as a function 
of PEO coating thickness. Figure produced using data taken from [F]. 
The surface roughness of PEO coatings is commonly evaluated, and used to as an 
indication of the scale of discharge events that occurred during the process. The 
arithmetic mean roughness, Ra, is widely reported to increase with process time [F]. 
Curran and Clyne [FG] found Ra (averaged from three  4 μm ×    μm areas) increased 
approximately linearly up to coating thicknesses of ~# μm, when it levelled off at 
around # μm. Dunleavy et al. [F!] correlated the upper bound of the plasma energy with 
the coating roughness, showing that Ra provides a reasonable measure of the energy 
associated with discharges. The results are shown in Figure .F, along with the variation 
in coating thickness across a sample. Martin et al. [!G] found that roughness increased 
towards the edges of samples, although there was also an increase in coating thickness 
towards the edges of samples. 




Figure &./ Segments of coating thickness profiles for different processing times (a), and estimated upper 
bound of electrical energy, Eup, supplied to a plasma discharge against coating arithmetic roughness, Ra 
(b). Reproduced from [F!]. 
2.3.2 Growth rates 
There is a large body of evidence in the literature that PEO coating thickness 
increases approximately linearly with process time, up to ~  μm coating thickness [!G, 
F, F4-FF]. Comparison of growth rates is difficult, due to the huge variations in 
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experimental conditions used by different authors. Electrolyte composition, electrical 
conditions, substrate composition, and geometry all cause variations in the growth rate. 
However, the approximate growth rates reported range from a few hundred nm to 
several μm per minute. Certain electrical conditions can cause deviations from linear 
growth rates, which usually involve a pulsed power supply [!!, F#]. 
2.3.3 Internal microstructure 
Typically, coating cross-sections are examined using electron microscopy. It is often 
reported that coatings have a two-layered structure, with the outer layer described as 
loose, porous, or friable and the inner layer descried as dense, compact, or functional 
[FH]. The ratio of thickness of these two layers is often taken as a measure of the quality 
of a coating. However, the distinction between these layers is highly subjective. When 
viewed using a secondary electron image, cross-sections can appear homogenous and 
dense. However, polishing of cross-sections often masks the true structure of the 
coating, which becomes apparent when viewing the equivalent back-scattered electron 
image. A network of relatively coarse pores and cracks is revealed in a back-scattered 
electron image, see Figure .#. It should be noted that PEO coatings are continually 
restructured, and the observed structure was actually only generated by the most recent 
discharges. Therefore, any layered structures are a result of the last few discharges rather 
than being built up over time.  
TEM studies suggest that there is a thin (few hundred nm) amorphous “barrier” layer 
between the substrate and coating material on Al, Mg, and Ti [4 , F4, #-#]. In the 
coating material above the barrier layer, a combination of nanocrystalline material, 
amorphous material, and fine scale (nm) porosity can be seen. The authors attributed 
this porosity to the production of oxygen or hydrogen during processing via 
electrochemical reactions. Porosity of PEO coatings is discussed further in §.G.!.  




Figure &.0. SEM image (back-scattered electron mode) of a polished section from a PEO coating on an 
aluminium alloy substrate, showing the fine network of channels created by individual discharge events, 
apparently representing a porosity level of the order of a few per cent. Reproduced from [#G]. 
2.3.4 Porosity 
PEO coating usually contain relatively high levels of porosity, in the region of 
~ -%, covering a wide range of length scales [FH, #G, #!]. Measurement techniques 
include dimensional measurements and weighing, mercury intrusion porosimetry, 
isothermal nitrogen adsorption (BET), hydrostatic weighing (for skeletal density), 
helium pycnometry (for surface-connected porosity), and X-ray tomography. 
Skeletal densities are very close to theoretical densities, meaning the majority of 
porosity is surface-connected. The implication of this is that coatings are likely to be 
filled with electrolyte right down the substrate, in which case dielectric breakdown only 
need occur across the thin boundary layer (see §.G.G) at the coating-substrate interface. 
This is consistent with the fact that the bulk-applied potential does not vary significantly 
during the process, although the growth rate is linear. Mercury intrusion porosimetry 
indicates a significant fraction of the porosity is nm scale, explaining why it was 
overlooked in early studies of PEO. 
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The presence of these levels of porosity is actually often very beneficial. This is clear 
for some applications, such as, bio-medical implants where osseointegration is desirable, 
and photocatalytic surfaces where a large specific surface area is important. Moreover, 
PEO is commonly used to create a good keying surface for further surface treatments, 
such as painting. Perhaps the most important, but least well recognised, benefit is the 
mechanical stability that results from the reduced stiffness of PEO coatings (compared 
to fully dense ceramic). This reduction is considerable, a typical change in Young’s 
modulus compared with fully dense material being from ~! GPa to something of the 
order of G-4 GPa in the case of PEO alumina [FG, #4], and is due to the porosity and 
micro-cracks in the coating. The strain tolerance of the PEO coatings is greatly enhanced 
because of the reduced stiffness, since the stresses that arise during deformation, or 
differential thermal expansion with the substrate, are reduced.  
2.3.5 Phase composition and grain structure 
The microstructure of PEO coatings is relatively complex. Local regions will have 
undergone very rapid solidification (quenched by the electrolyte after the most recent 
discharges), although regions in the immediate vicinity of those discharges may have 
effectively been heat-treated (raised to fairly high temperature and then allowed to 
cool). In general, however, several features are observed that are characteristic of rapid 
solidification. These include a very fine grain structure (possibly close to, or actually, 
amorphous) and the presence of metastable phases. It is worth noting that it is difficult 
to deliberately heat treat PEO coatings so as to modify these structures, since the range 
of temperature needed to effect significant change for such oxides would commonly be 
above, or at least close to, the melting temperature of the metallic substrate. Substrate 
composition, electrical parameters, electrolyte composition, and coating thickness all 
influence the final phases and elements present in a coating. Identification and 
quantitative proportions of phases present can be determined by X-ray diffraction (XRD) 
methods, while energy dispersive X-ray (EDX) analysis is commonly used to determine 
the elemental composition of coatings.  
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For Al, γ, η and ε phases of alumina are sometimes present, in addition to the stable 
α phase [#--##]. Anatase and rutile are usually both present in Ti PEO coatings [#H, H], 
and processing of the most common Ti alloy (Ti--Al-!V) can generate  significant 
quantities of the mixed oxide AlOG.TiO (aluminium titanate) [H , H]. PEO coatings on 
Mg generally consist of a mixture of crystalline phases such as MgO, MgSiO!, MgSiOG 
and MgGPO!. For all substrates, some amorphous material is usually present. The 
proportions of phases present vary through the thickness of coatings, due to different 
thermal conditions, an example of the variation in phase proportions at different depths 
is shown in Figure .H.  
 
Figure &.1 X-ray diffraction data in the form of a plot of the phase proportions against the nominal depth 
below the free surface for surface scans during the progressive grinding of a   μm thick coating, 
reproduced from [FG]. 
As discussed in §.., species from the electrolyte may also be incorporated or 
deposited during coating production. Silicon from the electrolyte is often concentrated 
in the outer region of coatings [!!, F4, HG, H!], while phosphorus is concentrated near 
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the substrate-coating interface [H!]. Monfort et al. [H!] sequentially processed Al in a 
silicate based electrolyte for G minutes, followed by a phosphate-based electrolyte for 
just  4 s. EDX found phosphorous had reached the substrate-coating interface in this 
short time. Diffusional mass transport through the existing bulk oxide coating could not 
occur this quickly; therefore, the discharges facilitate “short circuit” mass transport 
between the electrolyte and substrate, allowing coating growth rates to remain 
approximately linear.  
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Chapter 3  
 
Discharge Characteristics 
Discharges clearly play a central role in the formation of PEO coating, and 
improvements in understanding discharge mechanisms is likely to lead to 
improvements in industrial practice. This chapter reviews the current literature relating 
to discharge characteristics during PEO, including the factors that affect the ability of a 
metal to undergo PEO, and recent efforts to characterise individual discharge events. 
3.1 Factors affecting discharge formation 
3.1.1 The “Valve Metals” and charge transfer 
It is sometimes stated that PEO processing (and anodizing) are applicable only to 
the “valve metals” [H4]. This terminology is not very well-defined, but the concept is 
usually taken to mean that electrical current can only flow in one direction in the metal-
oxide-electrolyte system [H-]. The understanding is that electrons can only flow through 
the oxide layer when the metal is cathodic (i.e. from the metal to electrolyte). In the 
anodic half of the cycle, it is assumed that electrons cannot flow through the oxide. The 
field across it builds up as the applied voltage is raised, and it may reach the breakdown 
potential (dielectric strength) for the oxide, at which point a discharge occurs. This 
rectification effect is presumed to arise at the metal/oxide junction, across which 
electron flow can occur only from metal to oxide. 
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In fact, there is not complete agreement about the set that constitutes the valve 
metals. A list such as Al, Mg, Ti, Ta, Nb, Zr and Be is commonly quoted, but it is quite 
certain that these could not have been identified from a knowledge of the rectification 
characteristics of the metal/metal oxide junctions concerned. Depending on their band 
gap (see §G. .G below), many oxides can be regarded as semiconductors and such 
rectification, known as a Schottky barrier, is exploited in various devices containing 
metal-semiconductor junctions. The sense of the rectification, whether electron flow 
can take place in the metal-to-semiconductor direction or in the reverse direction, is 
determined by the relative positions of the Fermi levels in the two constituents and 
hence by the nature and level of the doping in the semiconductor. However, this 
approach evidently cannot be used to identify or rationalize the set of valve metals. Most 
of the valve metal oxides actually have large band gaps (see §G. .G below) and so cannot 
really be treated as semiconductors—and certainly not as deliberately doped 
semiconductors. This increasingly outdated approach to classifying metals as being 
suitable for PEO (or for anodizing) is clearly flawed, although it is still quoted on 
occasion. 
On the other hand, there is certainly asymmetry, in the sense that PEO discharges 
usually, but not invariably (see §G.! below), occur only during the anodic part of the 
cycle. Furthermore, conventional anodizing (oxidation) only occurs when the metal is 
made the anode. However, a more plausible explanation for this is that it arises because 
of asymmetry in what is taking place within the electrolyte with the two different 
polarities and thus has at least some sensitivity to the electrolyte composition. This is 
illustrated in Figure G. , which gives a schematic depiction of the key steps during both 
anodizing† and PEO under anodic and cathodic polarity. For anodizing, oxidation is 
expected to take place only when the metal is the anode, since OH- ions will then be 
                                                 
† Flow of ions through the oxide layer during anodization requires a very high field, and hence can 
only occur if it remains very thin (few nm). While it is common to depict this layer as if it has a significant 
thickness, it should be borne in mind that it must in fact be considerably thinner than the scale of the 
column structure.  
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transported through the electrolyte towards the interface, and this is a source of the 
necessary oxygen. In fact, it is usual for anodization to be carried out in acidic 
electrolytes (low OH‐ concentration) and there may be some breakdown of water 
molecules to release oxygen. 
 
Figure ,.( Schematic depictions of the transport phenomena taking place during (a) anodizing, (b) PEO 
with anodic polarity and (c) PEO with cathodic polarity. 
During PEO, on the other hand, oxidation of the metal takes place as the plasma 
collapses and cools, so the key issue is whether the electric field across the residual oxide 
layer reaches the level necessary for dielectric breakdown. Under anodic polarization, 
flow of electrons through the oxide is limited by the relatively slow rate of arrival of the 
OH‐ ions, which are moving through the electrolyte under the influence of the applied 
potential. This relatively slow rate of charge flow through the residual oxide layer 
ensures that the field across it reaches a level sufficient for discharge formation. Under 
cathodic polarization (Figure G. (c)), H+ ions are attracted towards the oxide layer. These 
are much smaller and significantly more mobile than the OH‐ ions, allowing a greater 
rate of flow of electrons through the oxide layer, with hydrogen gas being released at its 
top surface. The structure and dynamics of H+ and OH‐ ions in aqueous solutions are 
actually quite complicated, with various complexes being formed [HF], but nevertheless 
the outcome is understood to be that H+ ions do move significantly more quickly under 
the influence of an electric field. 
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Quantification of ionic motion in the electrolyte may be instructive and work on this 
is now starting [H#].  This easier current flow in the cathodic half-cycle may limit the 
magnitude of the field across the oxide layer, reducing the likelihood of dielectric 
breakdown. Sensitivity might be expected to the rate at which hydrogen ions combine 
to form molecules on the oxide surface. There are certainly variations in this catalytic 
efficiency between different surfaces, for example Pt surfaces exhibit the highest activity 
for the hydrogen evolution reaction [HH]. This issue is addressed in §G.G below. 
3.1.2 Thermodynamics of oxidation 
Clearly, the magnitude of the free energy change associated with a metal being 
converted to its oxide is relevant to PEO. This change is negative at ambient temperature 
for all metals (except gold), so oxidation is energetically favourable in virtually all cases. 
However, as the plasma created during PEO collapses and cools, there may be 
competing oxidation reactions† for which the driving force is higher. Metal ions are 
present in the plasma as a result of volatilization from the substrate during a discharge. 
The plasma will contain hydrogen, due to the dissociation of water molecules at high 
temperature, so oxidation of metal ions is only expected to take place to a significant 
extent if it is energetically more favourable than oxidation of hydrogen to reform water. 
Information of this type is provided by the Ellingham diagram for oxidation [ , 
  ]. Some such data are shown in Figure G., covering most of the metals of potential 
interest for PEO (excluding rare metals and others of limited interest, such as those that 
react strongly with water and very high atomic number elements). This graph actually 
shows only the enthalpy change associated with oxidation, per mole of oxygen (i.e. the 
                                                 
† It should be recognized that this is not a purely thermodynamic issue. Oxide formation can only 
occur when the plasma temperature has become relatively low (perhaps <~3,000 K, depending on the 
metal and its concentration) and at this point it is being rapidly quenched, perhaps passing through the 
temperature range concerned in a time as short as ~10 µs. The kinetics of combination is therefore 
important. Of course, the presence of an excess of a competitor with a higher affinity for the oxygen, such 
as hydrogen in the case of some metals, will certainly slow down the kinetics of formation of the metal 
oxide and may inhibit it completely. 
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free energy change at  K). However, this is sufficient for approximate ranking purposes, 
since the rate of decrease of the magnitude of this energy change with increasing 
temperature is similar in most cases. This reflects the fact that the change in entropy is 
similar in each case, mainly due to a reduction in the number of moles of gas as the 
oxygen is consumed. It can be seen that, for metals with low energy changes (Cu, Ni, Fe, 
Sn, Mo and W), the driving force for oxidation is similar to, or lower than, that of 
hydrogen being converted to water. These metals are therefore unlikely to oxidize as a 
PEO plasma collapses and cools, particularly since the hydrogen concentration there is 
likely to be relatively high. It is worth noting there are some very common types of metal 
(copper alloys, steels, and Ni-based superalloys) that are expected to be unsuitable for 
PEO processing, and this is generally found to be the case experimentally. There have 
been reports [ ,  G] of successful PEO processing to produce coatings on steels, but 
in such cases it is probable that much of the oxide formation took place via deposition 
from the electrolyte, leading to friable and poorly-bonded coatings. There is then a 
second group of metals (including Cr, Nb, Ta and V) for which the oxidation energy is 
higher than for hydrogen, although not dramatically so. Finally, there is a third group 
(including Ti, Al, Mg, Be, Hf, Zr, Y and Sc) with very high values, such that there will 
clearly be a very strong thermodynamic driving force for oxidation.   




Figure ,.& Free energy values [ ,   ] for formation of various oxides from the metal, and of water from 
hydrogen, at  K. These energies are all expressed per mole of oxygen. For metals that can form more than 
one oxide, the data refer to the one for which the largest amount of energy is released. 
This is a crude classification, and it must be borne in mind that the active oxidizing 
agent in a PEO plasma as it cools is unlikely to be molecular oxygen and the temperature 
at which oxidation takes place is unknown, but will be relatively high. Additionally, the 
concentration of metal ions in the plasma is also unknown, but will be relatively low. 
Data for the free energy changes under these conditions are simply not available. It 
should also be emphasized again that oxidation is not favoured for any metal at the 
temperatures typical of these plasmas [ !] and it is only towards the end of their 
collapse and cooling that combination with oxygen can occur. Nevertheless, it is relevant 
to observe that this last group contains the three metals (Al, Mg and Ti) that are most 
commonly, and successfully, subjected to PEO treatment. It might be noted that there 
is a common perception that Ti is not as easy to PEO process as the other two. In 
addition, the oxide formed is invariably TiO, despite the fact that, according to the 
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thermodynamic data, TiO is more stable (although there is some uncertainty about this 
issue, and more than one phase [ 4] with the approximate stoichiometry of TiO). Of 
the others in this group, there have been several reports [ -- #] that Zr can be PEO 
processed. There appear to be no reports about PEO of Hf, Sc or Y, and very few [ H] 
concerning Be, although it is sometimes included [  ] in listings of metals that are 
suitable.  
As mentioned above, it is clear that metals such as Ni, Fe, Cu, Sn, Mo and W cannot 
normally be processed by PEO. However, it may be possible with heavily alloyed 
versions, such as NiTi shape memory alloy [   ]. Also, the PEO conditions may have an 
influence and it has been shown [  ] that Mo can be processed in an electrolyte of borax, 
water and ethylene glycol under cathodic polarisation. However, the metals put here 
into the central group (Cr, Nb, Ta and V) are of interest. Information about PEO of them 
is limited, although there have been reports of successful processing for both Nb [  G-
  #] and Ta [  H,  ]. From a thermodynamic point of view, growth of the oxides of these 
metals should be possible, perhaps depending on their concentration, and that of 
hydrogen, in the plasma. This is certainly true for Ti, despite the perception that it is less 
suitable than Al and Mg for PEO treatment. It therefore seems clear that there must be 
other factors affecting the ease of PEO processing. 
3.1.3 The oxide band gap 
The oxides of most of the so-called “valve metals” have large band gaps. Broadly 
speaking, such band gaps (i.e. highly insulating oxides) might be expected to be 
associated with the oxide structure being highly stable thermodynamically, although 
there is not a clear mechanistic link. Nevertheless, there is a correlation, evident from 
the data [  ] plotted in Figure G.G, although it can be seen that it is not a close or well-
defined one. For example, the thermodynamic driving force for oxidation of Ti is similar 
to those of Al and Mg, but its oxide has a band gap with less than half the magnitude of 
those oxides. 




Figure ,., Plot of the free energy of formation of selected oxides against their band gap [  ]. 
It is important to be clear about the relevance of the band gap to PEO processing. 
One issue is whether the oxide can acquire a relatively high electrical conductivity, 
either through doping or via thermal excitation of electrons across the band gap. The 
latter possibility can largely be ignored, since these layers remain at ambient 
temperature up to the point of dielectric breakdown and their band gaps are all very 
high compared with thermal energies. Extrinsic (doped) semiconducting behaviour can 
also be largely neglected, since any such doping would be accidental and variable. 
However, the issue of whether and how electrons can move through the oxide, and 
the relationship between this and the onset of dielectric breakdown, clearly is important 
for PEO and the band gap is significant in this respect. One possible mode of passage is 
electron tunnelling [ ]. This is essentially a quantum effect and it is usually taken to 
be possible only through very thin layers, perhaps a few nm. It allows electrical contact 
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to be established readily between nominally bare metal wires, even though they do in 
fact have thin surface oxide layers in the vast majority of cases. 
The oxide layer thickness is clearly important and, while PEO coatings are often very 
thick (tens or hundreds of µm), it is now well established that residual oxide layers on 
the substrate remain much thinner throughout the process. This happens because PEO 
coatings are quite highly porous, particularly in the vicinity of an active discharge site, 
with the pores almost certainly being full of electrolyte before a discharge occurs (see 
§.G.!), this is depicted in Figure G. (b) and (c). This explains the lack of any strong 
dependence on coating thickness of the voltage needed for PEO processing. While 
unequivocal evidence for this is lacking, there is a general consensus that dielectric 
breakdown commonly occurs during PEO across a residual oxide layer on the substrate 
that has a thickness of the order of   µm. While this is “thin” for many purposes, it is too 
thick for electron tunnelling. 
However, this does not mean that electrons cannot move through these oxides, and 
it is well established that electron mobility can be relatively high in some oxides, 
particularly those with variable stoichiometry and high levels of various defects. 
Considered in terms of a band gap, such defects may provide energy levels within the 
gap, which assist motion of electrons through the material. A general correlation is still 
expected between a high band gap and a low electron mobility and, on this basis, the 
metals for which PEO can be carried out most readily are likely to have relatively large 
band gaps. The key point here is that, if electrons do travel through the oxide layer, this 
will not lead to any oxidation of the substrate, and they may carry much of the imposed 
current. In such cases, the PEO process (i.e. plasma generation and oxide formation as 
the plasma collapses and cools) may be reduced or eliminated, even though there may 
be a strong thermodynamic driving force for metal oxidation. The voltage during the 
anodic half-cycle is expected to be lower than for cases in which most of the current is 
being carried by the discharges. Some support for this general idea is provided by the 
work of Munoz and Bessone [ G]. They showed that, during anodization of Al, the 
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introduction of small Ni and Co particles into the growing oxide layer, via cathodic 
deposition, raised the conductivity of the layer, and hence reduced the electric field 
across it and the rate of alumina growth. 
3.1.4 Dielectric strengths and dielectric constants of oxides 
The band gap gives at least an indication of probable electron conductivity, and 
hence influences the electric field that builds up across the oxide. A dielectric strength 
is normally expressed as a breakdown field (in V m- ), which is measured experimentally. 
The outcomes of such experiments tend to be variable, depending on factors such as the 
purity and porosity levels. For “good” insulators, values which are above that of dry air 
(usually quoted as ~G MV m- ) are usually obtained. Values for alumina and magnesia, 
for example, are usually in the range  –G MV m- . Measurements have been made for 
other oxides, often giving values in a lower range for oxides with smaller band gaps, but 
it is difficult to regard these as highly accurate or reliable. Therefore, it is probably better 
to use band gap values as an indication of likely dielectric strength to avoid these 
inconsistencies. 
There is, however, another electrical property that is potentially significant, which is 
the dielectric constant (relative permittivity). This is a dimensionless number that gives 
an indication of the capacity of the lattice to store electric charge. It depends on the 
nature of the bonding (how strongly ionic it is) and on the arrangement of the ions. For 
example, non-centrosymmetric structures can have very large dielectric constants. The 
exact significance of this for PEO is not clear, but the capacity of the oxide to store charge 
may affect the electric fields being created during the process (under AC conditions). 
There is no obvious reason why its value should correlate with either the band gap or 
the thermodynamic stability and indeed the plot shown in Figure G.! suggests that there 
is no clear correlation. It may be noteworthy that TiO has a very high dielectric 
constant—note the log scale in this plot. 




Figure ,.* Plot of the dielectric constant of selected oxides against their band gap [ !]. 
3.2 Individual discharge parameters  
Through‐thickness electrical discharges are fundamental to the PEO process. 
Discharges are thought to provide a mechanism for exposing the metallic substrate to a 
source of oxygen from the electrolyte. The nature of these discharges, and their 
distributions in time and position, are thus central to understanding of, and control 
over, the PEO process. Significant efforts have been made in this direction in recent 
years, with a number of techniques being used to assess individual discharge 
characteristics. These include electrical monitoring, optical imaging, and optical 
emission spectroscopy (OES).  
Electrical monitoring, such as that shown previously in Figure .G, usually represents 
the aggregation of many hundreds, or thousands, of individual discharge events. 
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However, single discharge experiments can be performed by processing a small area 
sample, since this reduces the probability of having more than one discharge active at a 
given time. Parallel processing with a conventional bulk sample, where many discharges 
are taking place throughout, ensures that the PEO process is proceeding as normal. An 
oscilloscope can be used to measure the current flowing, giving information on the 
discharge lifetime and current profile, along with the applied voltage and bulk current. 
There may be some uncertainties about the exact similarity of conditions between small 
area and conventional conditions, for example, the electric field is probably more 
divergent for the small area sample, there may be an uncertainty about its exact surface 
area and in some cases more than one discharge (cascade) could be taking place on it at 
the same time. Nevertheless, the technique is clearly capable of revealing important 
information that is relevant to conditions during conventional processing of bulk 
samples. 
Optical imaging of a specimen undergoing PEO is an obvious starting point for 
obtaining information on individual discharges. In principle, optical imaging can 
provide information on discharge duration, spatial distribution, size, and intensity. 
However, these all require sufficient resolution in time and space to obtain reliable 
information. Imaging has been employed by a number of authors to determine such 
characteristics, but systems often lack the required resolution to provide accurate data. 
Advances in camera technology have allowed improvements to be made in this area, and 
such systems have formed the basis of some more recent studies. 
OES can provide information on the elements present and temperatures that exist 
within the electrolytic plasmas formed during PEO. There are many methods used to 
determine the electron density and temperature, which can give a very large range of 
values. The determination of species present is more straightforward, but still relies on 
sufficient resolution of the spectrometer and some peaks may overlap. 
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3.2.1 Discharge lifetimes 
Typical discharges are now known [!G, !F, F!, FF,  4- F] to occur in prolonged 
sequences (“cascades”) at particular locations, and to have lifetimes of the order of a few 
tens to a few hundreds of μs, with “incubation” periods between them of around a few 
hundred µs to a ms or two. The lifetime of a cascade can apparently be very long (perhaps 
of the order of a second or more [ #]), although during AC processing the discharges 
normally form only during the anodic part of the cycle. This limits the duration of a 
continuous sequence to something less than the half-cycle period (i.e. to several ms for 
a 4 Hz supply), when the voltage is above the breakdown potential. 
Optical imaging and electrical monitoring are commonly used to investigate the 
duration of such discharges during PEO. Electrical measurements of individual 
discharges were first made by Van et al. [ H], using a needle head of  F.# μm diameter. 
Kasalica et al. [ G] recorded a similar event, relating to the end stages of anodizing 
aluminium in an acidic electrolyte. The exact monitoring set-up is poorly reported, but 
the duration of the discharge event is ~  μs. This is significantly shorter than many other 
reported discharge durations, but may represent discharges in the initial stages of PEO.  
Two methodologies of electrical monitoring were developed by Dunleavy et al. [!F, 
F!, FF] to quantify discharge lifetimes, along with other parameters. The first technique 
used pre-processed “conventional” PEO coatings on aluminium, referred to as Low 
Power Direct Current Testing (LPDCT). A limited power supply only initiates one 
discharge at a time, allowing the current profiles of individual discharges to be resolved. 
The second technique involved monitoring the current through a small area sample 
(typically the end of a 4 μm–  mm diameter wire), processed in an industrial power 
supply. This technique is referred to as Full Power Alternating Current testing (FPAC 
testing). The two methodologies showed good agreement with median discharge 
durations of ~4 μs and ~! μs for LPDCT and FPAC testing respectively, see Figure G.4. 
FPAC testing showed a larger proportion of short events, which was attributed to 
competition between discharges for the available current. There is a clear trend for 
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discharge durations to increase over the course of ! minutes of PEO processing. Figure 
G.- shows the distribution of event durations with processing time. The fraction of short 
events remains approximately constant over the entire period but the median and 
maximum event durations increase significantly.  
 
Figure ,.- Histogram showing statistical characteristics of current pulses obtained during LPDCT, 
showing duration (and temporal separation) with FPAC data for comparison. Reproduced from [!F]. 




Figure ,.. Plots of every tenth percentile of discharge parameter distributions as a function of processing 
duration for discharge duration. Reproduced from [F!]. 
Optical imaging has also been employed extensively to obtain information on 
discharge durations. For discharge lifetimes from image sequences, the exposure time 
must be significantly shorter than the duration of a discharge, which is often not the 
case. It can be seen in Figure G.F [!F] that electrical signals are very well correlated with 
light emission intensity (captured using a photomultiplier tube), confirming that optical 
characterisation is a suitable method for detecting discharges, provided suitable time 
resolution is used. The values reported from optical measurements tend to be 
significantly larger than for those obtained from electrical monitoring. This is due to the 
limitations of the imaging systems used. For example, Matykina et al. [ G ] studied DC 
processing of  titanium using an exposure time of   ms, giving the apparent discharge 
lifetime of  –# ms. These results are unlikely to represent individual discharges, 
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but rather a series of shorter discharges occurring at, or very near to, the same location 
on the sample surface.  
 
Figure ,./ Typical data for a sequence of current pulses, and for the associated light emission, obtained 
from a photomultiplier tube. Reproduced from [!F]. 
Yerokhin et al. [ G] used imaging at ! Hz, of 4 Hz AC PEO processing of 
aluminium, to obtain the spatial distribution of discharges and the apparent area 
undergoing discharge. Discharge current densities were inferred and discharge lifetimes 
estimated from the time required for local melting of the alumina coating. This method 
involves several crude approximations and does not consider the possibility of 
discharges reoccurring at the same location. Exposure times are not quoted. However, 
at such a low frame rate it is very likely that frames represent an aggregation of events, 
rather than the discharges active at a given moment in time. 
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More appropriate exposure times have been used by Arrabal et al. [#], who studied 
magnesium using an exposure time of 4 μs or  #4 μs and found discharge lifetimes to 
range from 4 μs to ! ms (although the lower bound of 4 μs is recognised as a 
limitation of the imaging system). Martin et al. [!G] studied aluminium PEO using an 
exposure time of # μs, finding discharge durations ranged from # μs to around ! μs. 
Increasing the applied current density caused discharge lifetimes to increase, and higher 
pulse frequencies caused the average discharge lifetime to decrease. These results are in 
much closer agreement with durations obtained from electrical monitoring, 
highlighting the importance of using appropriate imaging systems. Habazak et al. [ GG] 
performed high-speed video imaging of titanium PEO at   Hz and noted that 
discharges are extinguished during the cathodic half-cycle, but can re-ignite at the same 
location in the subsequent anodic half-cycle. However, the nature of discharges within 
a single anodic half-cycle was not examined. Table   gives a summary of reported 
discharge lifetimes. 
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   –4, Habazak et al. (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Table ( Summary of reported discharge lifetimes. 
3.2.2 Discharge current 
It is of interest to understand how a single discharge is terminated. Some insights 
into this can be obtained by studying the details of how the current associated with a 
discharge changes with time. The discharge current profile can be monitored using the 
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techniques described for electrical monitoring of discharge lifetimes in §G.. . These are 
typically several tens of mA, but it is important to appreciate that these characteristics 
are not uniform. They vary significantly with coating thickness, and with the details of 
the evolving microstructure at the location concerned. Nevertheless, allowing for 
stochastic variations, some clear features can be identified. Some such features are 
illustrated by the plots [FF] in Figure G.#(a) and (b), which shows data obtained by 
statistical analysis of a large number (millions) of individual discharges, relating in this 
case to two different coating thicknesses. Mean current profiles, I(t), were calculated 
from events with the same initiation voltage, Vinit, and discharge lifetime, tevent. Thicker 
coatings lead to discharges that require a slightly Vinit, have longer lifetimes, and carry 
higher peak currents, Ipeak. They are clearly more energetic, but more dispersed in time 
and location, assuming that the overall average current, and coating growth rate, remain 
much the same. This is usually the case, and it is a commonplace observation that 
discharges tend to evolve in this way as the coating thickens. I(t) can been seen to scale 
with Vinit, with no appreciable difference in shape. This suggests that all PEO discharge 
events develop according to the same physical mechanism.  
Figure G.#(c) shows how tevent varies for a given Ipeak value. The profiles are all very 
similar up to the point where the current is shut off. This suggests there is a process that 
pinches off the current flow over a short period and that there is a rapid rise in the 
resistance of the discharge site. Furthermore, a correlation is seen between Ipeak and tevent, 
however, thinner coatings tended to have a slightly larger tevent for a given Ipeak, as can 
be seen in Figure G.#(d).  




Figure ,.0 Plots of averaged current–time relationships for (a) a !-minute and (b) a --minute coating, 
sorted by Vinit, for events having the median lifetime tevent. Error bars have been omitted for half of the 
voltages concerned, to avoid crowding of the data. Also shown are (c) average I(t) profiles, sorted by Ipeak 
value, with the central profile corresponding to the median tevent value and the others to events with 
lifetimes 4,   and  4 μs shorter and longer than this, and (d) mean I(t) profiles sorted by Ipeak, for coatings 
between   and ! min. All profiles correspond to the median tevent at the relevant Ipeak value. Reproduced 
from [FF].  
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3.2.3 Plasma temperature and composition 
Optical emission spectroscopy (OES) is often used to estimate the electron 
temperature, and determine the composition of the plasmas created by electrical 
discharges during PEO. Generally, the relative intensity of atomic or ionic emission 
lines, or the broadening of certain lines, is used to determine the electron temperature 
of the plasma. This information is helpful when considering the mechanisms involved 
in formation of coating material during PEO. The application of OES in characterising 
PEO discharges is complicated by the stochastic nature of discharges, and spectra 
represent an integration of many thousands of events.  
The first spectral analysis of plasmas relating to the PEO process was performed by 
Klapkiv et al. [ G!] on aluminium. Elements from both the electrolyte and the working 
electrode (i.e. the aluminium substrate) were found in the plasma, and electron 
temperatures were estimated to be in the range G,--– ,H4 K. These results are in 
broad agreement with Dunleavy et al. [!F], who estimated electron temperatures of 
~G,4 K and  -, ± G,4 K, and observed strong emission lines relating to atomic 
O, Na and K (from the electrolyte) and Al (from the substrate), as well as hydrogen α 
and β Balmer lines. These authors attribute the difference in electron temperatures to a 
high density hot core, surrounded by a less dense, cooler, periphery extending into the 
electrolyte [!F,  G4]. In a later study, Klapkiv determined the discharge channel to be 
filled with an equilibrium non-degenerate, quasi-ideal plasma, with the electron and gas 
temperatures close to each other for the range of electron densities identified (i.e. the 
system was in Local Thermal Equilibrium, LTE) [ G-]. However, there is some debate 
regarding whether the PEO plasma can be considered to be in LTE or Partial LTE [ GF].  
Hussein et al. [ G#] also found electron temperatures to be !,4 ± !4–
 , ±  , K for aluminium processing, but attribute the difference to a very 
different effect. An alternative discharge model is proposed with three populations of 
discharges, “small” and “mild” discharges relating to the low temperature and “strong” 
discharges relating to the high temperature. Three electron densities for PEO on 
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aluminium were found by Jovović et al. [ GF], who support the model proposed by 
Hussein et al., and electron temperatures of ~G#,G K and ~G,G K were calculated 
from relative line intensities. Jovović et al. [ GH] found magnesium substrates show 
similar electron temperatures and three populations of electron densities. In this model, 
it is proposed that some discharges initiate at an intermediate height within the coating 
and extend into the electrolyte. However, no mechanism for charge conduction between 
the substrate and initiation site of the discharge is suggested. Therefore, this model 
seems unrealistic and does not correlate to other types of experimental evidence. As 
discussed in §G.. the current profiles of individual events scales proportionally with 
the event initiation voltage over a continuous range. It therefore seems unlikely that 
there are distinct populations of discharges, as one would expect each “type” of discharge 
to have its own characteristic current profile. Another possibility for the different 
electron temperatures is a temporal variation. Since spectra are integrated over many 
hundreds or thousands of events, any variations within the lifetime of a discharge cannot 
be determined. 
Spectral studies from substrates other than aluminium are less common. There is 
limited evidence that the plasmas produced during titanium and tantalum PEO do not 
contain substrate material (i.e. no emission lines relating to titanium or tantalum) when 
processed in  -tungtosilicate acid [!H,  !]. Stojadinović et al. propose the reason for 
this to be the higher melting temperature of titanium and tantalum, compared with 
aluminium. This seems unlikely due to the high electron temperatures and LTE 
conditions, and is likely to be the result of the experimental set-up. In both studies, two 
populations of electron densities are estimated by fitting two Lorentzian profiles to the 
Hβ line profile. Again, this was attributed to different types of discharge, rather than 
different regions within the plasma. However, Hussein et al. [ 4] found the OES signal 
did contain emission lines from titanium during PEO processing of Ti--Al-!V, as did 
Stojadinović et al. in a later study when processing in an alkaline silicate electrolyte [ ! ]. 
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3.2.4 Discharge plasma size 
Discharge diameters may be estimated via optical imaging. Authors have reported 
apparent areas, radii, and diameters, so values summarised in Table  have been 
converted to radii, assuming circular cross section, for comparison. In most cases 
relatively long exposure times were used (ms rather than μs), so data probably represent 
the maximum size reached, but do not give information on the dynamics of the plasmas 
bubbles. It should be noted that the values obtained correspond to the area from which 
light is apparently emitted and will therefore be larger than the plasma itself. Studies do 
not have sufficient spatial resolution to determine whether any internal plasma 
structure exists. Reported values of discharge radii are in reasonable agreement (in the 
range of tens to hundreds of μm) and do not show much variation with substrate 
material, suggesting that the plasmas created on different materials probably have 
similar pressure and temperature ranges. Additionally, the size of discharges tends to 
increase with processing time (i.e. with coating thickness), and tend to increase in size 
with the applied potential, which is illustrated in Figure G.H [!H,  !,  !,  !G].  
 
Figure ,.1 Microdischarge diameter distribution for PEO treatment of titanium [ G ].   
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A more recent study by Martin et al. [!G] used more appropriate exposure times of 
# μs. However, linear spatial resolution was ~ G μm, which is of the order of the 
discharge sizes reported elsewhere. Some trends were observed with the applied 
electrical parameters. Discharge sizes were larger at lower applied frequency and higher 
current densities. These results must be treated with caution, given the limited spatial 
resolution. 
Substrate 
Equivalent radius range / 
μm 
Reference 
Aluminium -–-- [ G,  !] 
 !–#H [!G] 
Titanium G4– H [ G ] 
 H–!! [!H] 
Zircaloy- G4–4 [ !G] 
Tantalum H–G [ !] 
Table & Summary of reported values for the size of plasma discharges during PEO of various substrate 
materials. 
Dunleavy et al. [FF] took a theoretical approach to estimate the discharge plasma 
radius based on electrical data. A highly simplified model was adopted, in which the 
plasma resistivity was zero, and the plasma geometry was a perfect hemisphere on a flat 
coating. This allowed the plasma radius to be estimated for various peak discharge 
currents (which have been obtained by varying the capacitance of the power supply 
system), using equation ( ), with the results shown in Figure G. . These predictions are 
slightly lower than those estimated by optical techniques, and represent an 
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underestimate since the plasma will not have zero resistivity. However, as mentioned 






=  (1) 
Where ρ is the electrolyte resistivity and rP is the plasma bubble radius. 
 
Figure ,.(6 Predicted radius of the plasma bubble, rP, at the point of peak current, as a function of the 
discharge peak current, Ipeak. Different Ipeak (and corresponding voltage values) are obtained by varying 
the capacitance of the power supply system. Reproduced from [FF]. 
3.2.5 Energetics of individual discharges 
As discussed in §G. . oxidation of metals is a thermodynamically favourable process, 
so should release energy rather than consume it. However, PEO processing does in fact 
consume relatively large quantities of electrical energy. There have been a number of 
estimates of the macroscopic energy consumption rates [!!,  !!,  !4], with values 
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between   and # MJ m- μm-  depending on the exact experimental set-up. Various 
phenomena taking place during PEO are causing energy to be consumed, such as, 
melting and vaporization of substrate, melting of existing oxide coating, initiation and 
sustaining of the plasma, vaporization of water,  and electrical heating of the electrolyte. 
Further study of such phenomena is required if reductions in the energy consumption 
of PEO processing are to be made. 
There have been a number of estimates of the energy dissipated by individual 
discharges during PEO processing [!F,  -,  F,  H,  G]. Values range from a few μJ up 
to several mJ, although, a value of ~  mJ is a sensible estimate from typical discharge 
parameters (4 V × ! mA × 4 μs).  
3.3 Gas evolution 
PEO is normally carried out using an AC supply, with the electrical circuitry often 
set such that the current is fixed and is the same in both anodic and cathodic parts of 
the cycle. For metals that are well suited to PEO processing, at least most of the current 
flowing in the anodic part of the cycle is carried in the form of discharges (that stimulate 
oxidation of the substrate). These discharges are initiated by flow of electrons from the 
electrolyte to the substrate, through the residual oxide layer, in an electron avalanche 
process that leads to plasma formation. Hydroxyl anions could lose electrons to form 
oxygen gas (as in conventional electrolysis of water), but during successful PEO 
processing this is likely to be interrupted by the plasma formation. It seems likely that 
these ions, and possibly oxygen molecules that have just been formed, will become 
incorporated into the plasma. Of course, they will not be the only source of oxygen in 
the plasma, since water molecules will also enter and become ionized. Some of this 
oxygen is then likely to combine with metal cations in the plasma as it cools down during 
its collapse, particularly if the thermodynamic driving force for this is greater than for 
the re-formation of water.   
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If PEO is proceeding successfully, with most of the current flowing via plasma 
discharges, then there should be little or no evolution of oxygen gas during the anodic 
half-cycle. It is perhaps worth mentioning in this context that there has been relatively 
little direct experimental investigation of the rates or types of gas evolution during PEO, 
with some of the published results appearing contradictory. Nevertheless, there has 
been some systematic work and a consistent finding is gas evolution rates are 
considerably above the Faraday yield [ !-- 4], corresponding to conventional 
electrolysis of water. This has also been reported for contact glow discharge electrolysis 
[ 4 ,  4].   
Figure G.   shows an example plot [ !F] of the voltage and the quantity of gas evolved 
(at the anode) during a typical DC PEO run, with it being reported in this case that 
virtually all of the gas was oxygen. However, another report [ !#] suggest that hydrogen 
can also be formed at the anode in significant quantities. This work, which is shown in 
Figure G. , related to several modes of operation (DC anodic, Unipolar anodic, and 
Bipolar), with different current densities and frequencies. 
  




Figure ,.(( Experimental data  for gas evolution and voltage development during DC PEO of Al--#, 
with an electrolyte containing   g L-  of KOH and a current density of HG4 A m- [ !F]. 
Examining Figure G.  , it can be seen that, once PEO discharges had become 
established (at ~4 V), gas evolution commenced and the rate of gas production 
remained approximately constant after this at ~.- L m- s- . The current density was 
HG4 A m-, so the maximum rate of gas evolution, v̇, during conventional electrolysis 





=&  (2) 
where i is the current density, F is the Faraday constant, R is the gas constant, T is 
temperature, and P is gas pressure. This gives a gas evolution rate of ~.- L m- s- , so 
the observed rate is an order of magnitude greater than the maximum expected value. 
It should be emphasized at this point that PEO is not a conventional electro-chemical 
process, but the source of this gas is nevertheless of interest. 




Figure ,.(& Experimental data for the rates of evolution of hydrogen and oxygen gases during PEO under 
various sets of conditions [ !#]. (The current densities, i, are in A dm- and the frequencies, f, are in Hz.) 
The results shown in Figure G.  may seem a little strange, since the expectation is 
that only oxygen should be evolved at the anode, and even that might not occur if most 
of the oxygen produced (electrochemically) goes into converting the metal to oxide. This 
is a clear indication that hydrogen gas, or at least gas in excess of the Faraday yield, is 
being generated as a consequence of the plasma discharge process. This is plausible since 
substantial quantities of water will be thermally decomposed, creating various 
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hydrogen- and oxygen-containing species in the plasma. It is thermodynamically 
favourable for the hydrogen and oxygen in the plasma to recombine as it cools to reform 
water. However, if there are species in the plasma with a strong affinity for oxygen (as 
there will be during successful PEO processing) then this may not be possible, and 
hydrogen gas could be released. Furthermore, the quenching is very rapid and it is 
certainly plausible that some residual gas could be left due to kinetic effects, and perhaps 
partly because an imbalance between hydrogen and oxygen had been created as the 
plasma cooled. This mechanism, which is not electro-chemical in nature, would 
therefore not be subject to Faraday yield limits. Instead, the amount of gas would only 
be limited by the total energy input, which is considerably more than is required to 
produce this quantity of gas. 
Such effects, which could take place within both anodic and cathodic plasmas, are 
likely to confuse the interpretation of gas evolution rates. However, it does seem clear 
that, in the cathodic part of the cycle, there is a high likelihood of hydrogen ions being 
able to move rapidly through the electrolyte to the surface of the residual oxide layer. 
Once there, they may acquire electrons that have passed through the layer, so that 
hydrogen gas is evolved. This may depend on how effectively the surface concerned 
catalyses this hydrogen ion discharge, as indeed it does during conventional electrolysis 
of water [HH]. Nevertheless, it is well known in practical terms that hydrogen gas does 
tend to be evolved at relatively high rates during PEO. The notion of the “valve metals” 
presumably arose from the idea that electrons could move though the oxide layer in this 
direction (without causing dielectric breakdown), but not in the other direction (from 
electrolyte to metal). However, as outlined in §G. .  above, there is no clear reason to 
expect this. An alternative explanation is that the high mobility of H+ ions in the 
electrolyte allows them to reach the oxide surface at rates sufficient to carry much of the 
imposed current, reducing the field across the oxide layer and hence the likelihood of 
dielectric breakdown. If this is indeed largely a dynamic effect, then some dependence 
on supply frequency might be expected. This is explored in the next section. 
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3.4 Cathodic Discharges and the Effect of Supply 
Frequency 
The cathodic part of the cycle has attracted increased attention in recent years. It has 
been clear for some time [!] that PEO coatings produced using AC are in general of 
superior quality (harder and denser, for example) than those produced under 
corresponding (anodic) DC conditions. It has also been shown that coating quality is 
improved if the cathodic voltage is raised [G] or if the ratio of cathodic current to anodic 
current is increased [ 4G]. What actually happens during the cathodic half-cycle is less 
clear. In the vast majority of cases, at least under normal conditions, discharges 
predominantly occur during the anodic half-cycle, although current does flow in both 
half-cycles. 
However, discharges have been observed in the cathodic half-cycle under some 
conditions, particularly when the electrolyte is strongly alkaline [H#,  4!- 4-] and for 
relatively thick coatings. It is also worth noting that PEO coatings have been produced 
under conditions in which cathodic discharges predominate. For example, Stojadinovic 
et al. [  ] reported cathodic PEO of Mo. From a thermodynamic point of view, it seems 
likely that substrate material can become oxidised as readily within a cathodic discharge 
as within an anodic one. On the other hand, while there have been suggestions about 
this [ 4F,  4#], the mechanism of charge transfer during the cathodic part of the cycle, 
in the absence of cathodic discharges, is often rather unclear. The most likely one, 
however, is simply the discharge of hydrogen ions, leading to evolution of hydrogen gas 
(see §G.G above). This is clearly unproductive in terms of coating growth, although it is 
possible that the associated charge redistribution could help promote the anodic 
discharges in the subsequent half-cycle. The fact that cathodic discharges appear to be 
favoured by strongly alkaline electrolytes (and by the coating already being relatively 
thick) may relate to inhibition of hydrogen gas formation (respectively via a shortage of 
protons and a greater difficulty in moving them through the coating). 
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In practice, PEO processing is usually carried out using AC, with most coatings, both 
in research work and in technological usage, often being produced at 4 or - Hz—
although higher frequencies are becoming more popular. The cycle period is thus 
commonly about  ms, which is sufficiently long to allow extended cascades during 
each (anodic) half-cycle. There is considerable interest in how the process changes as 
the supply frequency is increased, such that the cycle period is no longer large compared 
with the inter-discharge period, or the discharge period itself. There are several reports 
[ 4H- - ] that an increase in the supply frequency (with maximum values usually around 
 .- .4 kHz) leads to a reduction in coating growth rates, although it must be recognized 
that others have reported different effects [!G, !!,  -]. As with many aspects of PEO, 
there is considerable complexity and scope for extraneous factors to exert an influence. 
There have also been reports that the coating microstructure becomes finer and denser 
as the frequency is increased, which might be regarded as beneficial.  
There may be potential for increased energy efficiency by promoting discharges in 
the cathodic part of the cycle, since it seems likely that these will lead to coating growth, 
whereas hydrogen evolution will not do this (and is also potentially hazardous).  
3.5 “Soft plasma” PEO conditions 
Over recent years, a new area of research within PEO has emerged which is the so 
called “soft-sparking” or “soft” regime [, !G, !4, -4, #, HG,  4,  -G- -#]. Normally, as 
the thickness of a PEO coating increases, the through-thickness electrical discharges 
become more intense and longer-lived. This often places an upper limit on the thickness 
of PEO coatings, since intense discharges start to destroy the coating. However, under 
certain conditions, termed the soft regime, this can be avoided and coating 
microstructures can be improved (i.e. more homogenous and no large through-
thickness discharge channels), with reduced energy consumption.  




Figure ,.(, Evolution of the anodic voltage over the process duration under standard conditions (termed 
arc regime) and soft regime conditions, with the transition to soft regime indicated by the dashed 
line[ -!]. 
In such cases, the process starts conventionally, but, once a certain coating thickness 
or processing time has been reached, a reduction is observed in the applied anodic 
potential (under constant current conditions, see Figure G. G) and the discharges become 
almost invisible, although coating growth continues and actually increases [!4,  -#]. 
This is illustrated in Figure G. !—note that (d) has an integration time longer than (a)–
(c) by a factor of . Clearly, the quantity of light being emitted is much less in this 
case, although it can be seen in Figure G. !(d) that there are still preferred locations for 
its emission. The ratio of anodic to cathodic charge (termed the charge transfer ratio, R) 
must be less than unity for the transition to occur [!4], although the mechanisms that 
require this are still unclear. The transition to the soft regime apparently occurs sooner 
for higher current densities and higher AC supply frequencies [!G,  -#]. The literature is 
largely focused on Al, but there are also reports for Mg [#], Zr [] and pre-anodized Al 
[ -4,  --]. 




Figure ,.(* Side-view photographs [!4] of aluminium alloy samples at different times during PEO 
processing (R = .#H). The integration time was between # and   ms for photographs (a), (b) and (c), but 
 ms for (d). 
It is observed that the diameters of “melt-pools” formed around discharge channels 
remains approximately constant [!4] after the soft regime has been established 
(whereas, under standard conditions, these diameters tends to increase linearly with 
processing time). In a tracer study [HG], it was found that all new coating growth 
occurred at the substrate-coating interface after the transition to lower applied potential 
occurred, which would explain why the melt-pool diameters on the coating free surface 
remain constant.  
Clearly, this transition could be of considerable industrial interest, since one of the 
major issues with PEO is the relatively high energy consumption. In fact, data have been 
published that give information about such a reduction in rates of energy consumption 
as the soft regime is entered. Figure G. 4 shows how the reduction in anodic potential 
that accompanies the onset of the soft regime occurs earlier when R is lower, and also 
plots the associated reduction in specific energy consumption rate [ -#]. It can be seen 
that there is a significant fall (of around !%). None of these publications, however, has 
presented a mechanistic explanation of how or why the process is taking place 
differently in the soft regime. 




Figure ,.(- Plots of data [ -#] obtained during PEO processing of Al at   Hz, with a fixed anodic current 
density of   A dm‐ and four different values of R (ratio of anodic to cathodic current densities), showing 
(a) anodic and cathodic voltages needed to maintain these current densities and (b) corresponding rates 
of energy consumption, per unit volume of coating produced. 
A possible explanation for the soft regime is that a large number of small discharges 
are taking place at the metal/oxide interface, but these are not developing in the way 
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that they normally do, and so do not reach the free surface of the coating (such that 
there is little or no light emission). This is not entirely consistent with information such 
as that in Figure G. !(d) and it is clear that further study is needed. At present, it is 
unclear whether such (small) individual discharges can be identified in some way (for 
example, using the small area monitoring technique) or even whether they are anodic 
and/or cathodic. In addition, there is no explanation so far of why raising the potential, 
or the charge flow, in the cathodic part of the cycle should stimulate this transition, or 
any indication of the effects of changing the electrolyte composition (e.g. the pH). Until 
the effect is better understood, its exploitation is likely to remain limited. 
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Chapter 4  
 
Experimental Methods 
4.1 PEO processing 
4.1.1 Processing conditions 
Two industrial processing machines were used in the present investigation, both 
supplied by Keronite International Ltd. The first is a   kW power supply unit, which 
applies a nominally sinusoidal 4 Hz AC waveform. A schematic of this system is shown 
in Figure ., along with an example of the applied waveform and evolution of the peak 
current and voltage in Figure .G. The unit contains an array of capacitors in series with 
the process tank, which control the current delivered to the sample. Additionally, the 
charge delivered during anodic and cathodic polarisation of the sample is equal and 
opposite. The sample is electrically connected to the output of the power supply and 
suspended in the electrolyte. The process tank contains a stainless steel mesh, which 
acts as the counter-electrode. The volume of the tank is approximately 4 L, and the 
electrolyte is circulated through a heat exchanger to maintain the temperature ~ °C. 
A constant capacitance condition was set giving an initial current density of 
approximately  4 A dm-. Coatings produced in this way have been well characterised, 
and have a growth rate of ~  μm min−  [!]. 
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The second machine is a   kW power supply unit. The basic operating principle of 
this set-up is the same as above, but there is much greater control over the applied 
electrical conditions. A schematic of the applied waveform is shown in Figure !. . The 
maximum current or voltage is defined by the operator, within the limitations of    A 
or H V during anodic polarisation and  A or G V during cathodic polarisation. 
The time period (τ =  /f) is restricted to ! μs ≤ τ ≤  ms, giving a frequency range of 
4 Hz to ,4 Hz, and anodic and cathodic half-period (ta and tc) must be ≥ 4 μs. The 
tank itself is stainless steel and acts as the counter-electrode. The volume of the tank is 
approximately 4 L, and the electrolyte was circulated through a heat exchanger to 
maintain the temperature ~ °C. Processing in the   kW Keronite™ rig has a much 
larger degree of freedom on the electrical parameters. To ensure comparisons could be 
made between samples, all samples were processed with ta = tc and an equal anodic and 
cathodic current density of G  A dm-. 
 
Figure *.( Schematic of the waveform produced by the   kW processing rig.  
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The electrolyte used was a standard commercially available aluminium electrolyte. 
The exact composition is commercially sensitive, but the approximate composition is  –
 g L−  potassium hydroxide (KOH), G–4 g L−  sodium silicate (NaSiOG) and G–4 g L−  
tetra-sodium pyrophosphate (Na!POF).  
Once samples had been processed, they were thoroughly rinsed several times in de-
ionised water to remove any residual electrolyte, and dried in warm air. 
4.1.2 Sample preparation 
Several different sample alloys and geometries have been used in the present work. 
A summary of these samples is given in Table G. Often it was necessary to mount large 
samples in an insulating resin, with just one face exposed. An epoxy resin (Struers 
Epofix) was used, which is a low shrinkage cold mounting resin. This was selected so 
that when large samples (>4 mm in all dimensions) were produced there were not large 
residual stresses or cavities formed.  
Samples used for small area investigations typically have a small wire mounted in 
parallel with a bulk sample. These wires were produced by cutting a thin section from 
the bulk material and swaging a wire through successively smaller dies until the desired 
diameter was achieved. The wire and bulk sample were connected to a pair of PVC 
insulated twisted wires extending out of the tank where a resistor for current monitoring 
connected the ends of the wires. 
Bulk samples in the form of bars had a tapped hole cut in them, with a threaded 
metal rod screwed into it. The metal rod was insulated from the electrolyte and screwed 
into a block, which was attached to the bus bar. Plate samples, which were mounted in 
resin, had six Al wires spot-welded to the back. These wires formed an electrical 
connection to a removable threaded rod, so that samples could be mounted in the SEM 
chamber.    
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Other plate samples had a clearance hole drilled, centred near the edge of one side. 
An Al block, with an M4 tapped hole, was insulted with wax (Suprawax) except one side. 
A nylon screw attached the plate to the Al block, which was connected to the bus bar 
through an insulated rod.     
The cross-section of the bar (or plate) and wire were exposed and ground with # 
grade SiC paper. Plate samples were cleaned in acetone, and used without further surface 
treatment.  
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Ø =  .# mm cylindrical 
bar, mounted in epoxy 
resin 
  kW Keronite™ rig 
4 Hz 
i =  4 A dm- 
High-speed video monitoring 
of discharge cascades on bulk 
samples. 
Al--# 
4.! mm square section 
bar, mounted in epoxy 
resin + Ø =  . ± .  mm 
wire 
100 kW Keronite™ rig 
4 Hz & ,4 Hz 
i = G  A dm- 
Synchronised high-speed 
video monitoring and 
electrical measurements of 
discharges 
Al- ! 
 × 4 × 4 mm plates 
mounted in epoxy resin + 
Ø = .## ± .  mm wire 
  kW Keronite™ rig 
4 Hz & ,4 Hz 
i = G  A dm- 
Effects of discharge cascades 
on the microstructure of PEO 
coatings, with synchronised 
high-speed video monitoring 
and electrical measurements 
Al- 4 
4 × 4 ×  . mm plates 
100 kW Keronite™ rig 
4 Hz & ,4 Hz 
i = G A dm- 
Mass gain of samples at 
different processing 
frequency, and monitoring of 
cathodic discharges 
Al- 4 
# ×   ×  . mm plates, 
coated with wax on the 
edges and one side 
100 kW Keronite™ rig 
4 Hz & ,4 Hz 
i = G A dm- 
Monitoring of gas evolution 
at different processing 
frequency 
Table , Summary of the samples, and PEO processing conditions used in the present work. 
4.2 High-speed video 
High-speed video imaging was performed using a Photron Fastcam SA  .  or Phantom 
V . , these are effectively equivalent cameras from different manufactures. The sample 
surface was viewed through a glass window in the electrolyte tank. The distance between 
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the camera and sample was approximately G mm. A schematic representation of the 
experimental set-up is shown in Figure !.. Both cameras have an internal memory of 
 - GB, which limits the possible recording time. This memory can be partitioned such 
that multiple shorter sequences can be captured before the data has to be transferred 
out, which can take up to ~G minutes. The full frame resolution in each case is   MB. 
However, this limits the acquisition rate to under  , frames per second. Higher 
frame rates (temporal resolution) can be achieved by reducing the image frame size. 
Limiting the image size also allows longer sequences to be captured for the same amount 
of memory. The spatial resolution is determined by the optics of the system (i.e. the lens 
used and the distance between the sample and camera).  
During the study of localised discharge cascades in §4. , the Photron Fastcam SA  .  
was used with the acquisition rate set at  #, frames per second (4.4 μs exposure 
time). The linear spatial resolution was determined to be   ±   μm (i.e. an area of 
 !! μm per pixel). Images comprised  # ×  # pixels, covering an area of .G- mm, 
located near the centre of the bulk sample. Image sequences were acquired after various 
PEO processing times, corresponding to coating thicknesses in the range of 4 μm to 
- μm. Image acquisition periods involved accumulating  F,4 frames over about 
  ms. For the small area investigation in §4.G the camera employed was a Phantom 
V . , with the acquisition rate set at  #,-! frames per second (4.  μs exposure time). 
The linear spatial resolution was  G ±   μm per pixel. Images comprised  # ×  # pixels, 
covering the entire small area sample (circle of diameter .## mm). 
In order to capture the bubble kinetics in Chapter - the Photron Fastcam SA  .  was 
used and synchronised with electrical measurements. A larger frame size was used with 
an improved linear spatial resolution. This limited the acquisition rate to  4, frames 
per second (# μs exposure time). The linear spatial resolution was H ±   μm (i.e. an area 
of #  μm per pixel). Images comprised  H ×  !! pixels, covering an area of .! mm, 
large enough to capture the small area sample (a   mm diameter wire). Image sequences 
were acquired after various PEO processing times, using different frequency waveforms. 
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Due to the very high frame rates involved it was necessary to illuminate the sample 
surface to be able to see the bubble kinetics. This was done using a very intense flash, 
which had a duration of approximately   ms. The maximum total record time of the 
camera (approximately two seconds) was employed since the flash could only be 
triggered manually. The illuminated period was identified and saved, typically this was 
around  ,4 frames covering   ms, which allowed further illuminations to be captured 
during the same PEO treatment.   
Monitoring the number of anodic and cathodic discharges in Chapter F was done 
using the Phantom V .  camera, with the acquisition rate set at  , frames per 
second. The linear spatial resolution was G! μm per pixel. Typical images comprised 
 - ×  - pixels, covering an area of G mm. This area was from the centre of bulk 
sample plates of Al- 4. Recordings were performed throughout processing in 
sequences which lasted  FG ms each.  
 




Figure *.& Schematic representation of the experimental set-up. The high-speed camera is focused on the 
small area sample. The high intensity flash was only used during certain experiments. 
4.3 Small area electrical monitoring 
The small area electrical monitoring technique was developed by Dunleavy et al. [!F, 
F!, FF]. The principle behind the technique is that discharge events on a small area occur 
in much the same way as on larger areas. However, on a small area, the probability of 
having more than one discharge event occurring at a given time is low. Therefore, by 
measuring the current that flows through the small area, the current-time profile of 
individual discharges may be obtained.   
Electrical data were collected using a four-channel, #-bit resolution PC oscilloscope 
(Pico Technology, Picoscope -!G), with a sample interval of between  .! ns and 
!# ns. The Picoscope was operated using a desktop PC with a USB opto-isolator, which 
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converts an electrical signal to an optical signal, and then back to an electrical signal. 
This was necessary to avoid ground loops between the PC and floating ground of the 
power supply. The voltage across the electrolyte tank was measured using a  × 
potential divider, or directly using an active differential probe (Pico Technology TA!G) 
with  × attenuation, as shown in Figure !.G. The bulk current was determined by 
measuring the voltage drop across a   Ω resistor connected in series between the 
counter-electrode and the power supply. The end of a wire was used as the small area 
during the present work. The wire was connected to a bulk substrate through a resistor, 
as shown in Figure !.. The connecting wires were twisted together to reduce electrical 
noise in the current signal. The current was determined from the voltage drop across 
the resistor, measured using an active differential probe (Pico Technology TA!G), with 
 × attenuation.  




Figure *., Schematic diagram of the electrical monitoring set-up using (a) a  × potential divider, and 
(b) a  × differential voltage probe. 
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The high-speed camera (Photron Fastcam SA  . ) was able to output a TTL trigger 
signal (+4 V,   μs square wave) within   ns of the camera being started. Since each 
frame corresponds to several μs, the   ns delay is considered negligible. Similarly, the 
Phantom V .  outputs a ready signal of +4 V when waiting for the capture signal (from 
the control software), that drops to  V as soon as the camera starts recording. The 
trigger signal was connected to one channel of the Picoscope in both cases and electrical 
data recording was triggered from this channel. During all experiments, data were 
collected without any breaks for the duration of the camera records.       
The short PEO treatments studied in §4.G required additional circuitry. This is set-
up is shown schematically in Figure !.!. An arbitrary function generator (TTi TG  A 
Programmable   MHz Function Generator) was used to supply a single square wave 
pulse of +4 V of duration one second. This signal was used to trigger the recording of the 
oscilloscope and high-speed camera, as well as supplying power to a coil around 
magnetic contacts of the reed relay switch, causing the switch to close and complete the 
circuit between the small area and bulk samples. This ensured the camera, oscilloscope 
and short treatment were all initiated at same time, giving synchronised data. 




Figure *.* Schematic diagram of the sample and electrical set-up used for short PEO processing 
experiments. 
4.4 Image processing 
Individual frames were #-bit or  -bit greyscale images. These data were processed 
using the Photron FASTCAM viewer, Phantom Camera Control software, Matlab and 
the image processing software ImageJ. Superimpositions of a complete video sequence 
were produced by summing the pixel values of corresponding points in a sequence of 
images, which were then converted back into #-bit greyscale images. In certain cases, 
superimpositions were created only from frames covering a particular half-cycle, rather 
than the whole duration of the sequence. Total intensity profiles were calculated by 
summing all the pixel values for each frame in a sequence. Local maxima in light 
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intensity of the summed images were found and circular regions of interest were 
defined, centred on these maxima. Intensity–time profiles from these circular regions 
were produced in a similar manner to the total intensity profiles. The volume viewer 
“Plugin” in ImageJ was used to create perspective views of frame sequences. For the 
perspective views, the contrast was reversed, with the transparency set so that low value 
pixels were transparent and high value pixels were opaque. 
Video images from capturing bubble kinetics were treated with an unsharp mask, a 
common image processing technique, to enhance edge contrast. For a particular 
discharge, the synchronised video sequence shows the expansion and subsequent 
collapse of a bubble. A sequence is presented in §-.G from a period when there were no 
other bubbles in the vicinity from previous discharges, which, if present, can perturb 
and interact with the growing bubble. Bubble radii were estimated by drawing an ellipse 
of best fit around a bubble and converting the corresponding area to an equivalent 
radius assuming a circular cross section. 
Evaluating the number of discharges in a video sequence was performed using a 
script written in Matlab. Image sequences were imported, along with corresponding 
electrical data, which determined whether images were captured during an anodic or 
cathodic half-cycle. Peaks in light intensity were found after a Gaussian blur function 
was applied to smooth the image, which, along with a peak height threshold, eliminated 
noise being detected as a false peak. For each period of applied potential, peaks were 
sorted into cascade locations, which were defined by a maximum spatial separation. The 
number of discharges occurring in each location was then counted, and summed over 
the whole image sequence for anodic and cathodic discharges separately. An illustrative 
example is shown in Figure !.4. It can be seen that there are three peaks detected (red 
dots) in Figure !.4(a), two of which persist into the next image (Figure !.4(b)), and are 
therefore not counted as new discharges. However, a new peak has appeared, so is added 
to the discharge count. Figure !.4(c) has two peaks, both of which are present in the 
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preceding image, so are not counted. Four discharges would be counted for this set of 
three images. 




Figure *.- Three sequential high-speed video images plotted at a surface, with pixel values represented 
at height. Peaks detected by the Matlab script are superimposed with a red dot in each case. 
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4.5 Microstructural investigation 
4.5.1 Metallographic preparation 
When it was necessary to cut samples, a Struers Secotom-  precision saw was used, 
with a SiC blade and water-based cutting fluid. For samples mounted in cross-section, 
the burr was removed using coarse SiC grinding paper before mounting in conductive 
Bakelite resin in a hot press. Samples were then ground on successive grades of SiC 
grinding paper, usually finishing with ! grit paper. Finally, samples were polished 
with - μm, and   μm diamond suspension.   
4.5.2 SEM microscopy 
The free surface of coatings were examined using scanning electron microscopy 
(SEM) in both secondary electron (SE) and back-scattered electron (BSE) mode. Prior to 
imaging, samples were sputtered (Emitech K44, G mA for G minutes) with a thin layer 
of gold to prevent surface charging.  
SEM observations were carried out on several instruments: a JEOL JSM 44LV for 
standard SE imaging of the coating free surface, CamScan MX- for large samples 
and BSE imaging of the free surface, and Phenom Pro X desktop SEM for BSE imaging 
of cross-sections. 
For short PEO processing experiments in §4.G, an initial PEO coating was created by 
processing for G minutes. Samples were removed from the electrolyte, washed in de-
ionised water, and dried in a stream of warm air. A thin layer of gold was sputtered onto 
the surface for SEM observation. The entire small area sample (end of the .## mm 
diameter wire) was imaged in BSE mode, in a CamScan microscope, using an 
accelerating voltage of   kV and a working distance of GG mm. A complete map of the 
sample surface was created by stitching ~ - images together in Photoshop. After a short 
(  s) PEO treatment had been applied to the small area sample, SEM imaging was carried 
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out again, including addition gold sputter coating. This was done twice in sequence on 
the same sample with a 4 Hz supply and once (on a different sample) at ,4 Hz. 
4.5.3 Thickness measurements 
Coating thickness measurements were made form SEM cross-section images. ImageJ 
was used to define both edges of the coating, by thresholding the images and tracing a 
line along the boundaries. The mean separation of the two lines was taken as the coating 
thickness, and the standard deviation calculated for the error. The length over which 
the measurements were made was in excess of  4 times the coating thickness in all cases.  
4.5.4 X-ray computed micro-tomography† 
A small area sample was scanned using a Skyscan   F X-ray micro-tomograph. The 
resolution was ~ . μm. Serial sections, in the form of a stacked set of radiographs, were 
imported into ScanIP (software for GD imaging, visualisation and analysis). Prior to 
reconstruction of the GD geometry, the radiographs were thresholded, using in-built 
segmentation algorithms, and surfaces were smoothed using a recursive Gaussian filter. 
4.6 Gas collection 
The gas produced in PEO processing is typically a mixture of H and O, so storing 
large quantities is potentially hazardous. In order to monitor the gas evolution rate over 
extended processing times it was necessary to use a small sample with a low current (but 
the same current density as standard samples). However, the   kW processing rig 
cannot deliver such small currents reliably. Therefore, two samples were processed in 
parallel, one large shunt sample, and another smaller monitoring sample. The gas was 
only collected from the smaller monitoring sample. 
                                                 
† X-ray computed micro-tomography was performed by Dr J. Dean. 
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A funnel was placed over the monitoring sample, with a hole in the side to allow the 
rod making the electrical connection to pass through. The funnel was sealed to the rod 
to prevent gas escape, using a silicone gasket, which was attached to the rod and pushed 
up against the funnel. A measuring cylinder filled with electrolyte was placed over the 
funnel, so that gas evolved by the monitoring sample would be collected in the cylinder. 
The counter-electrode was a stainless steel ring lowered into the tank, but kept above 
the bottom of the funnel to avoid gas being collected from the counter-electrode. The 
shunt sample was also positioned above the bottom of the measuring cylinder to prevent 
unwanted gas collection. This arrangement is depicted in Figure !.-. Photographs were 
taken of the measuring cylinder every G s, and the volume of gas could easily be 
recorded from these images after processing. 




Figure *.. Schematic side profile view of the gas collection set-up. Two samples are processed in parallel, 
with the gas only collected from the smaller monitoring sample. Current flowing through the monitoring 
sample was measured using the voltage drop across a   Ω resistor, and applied potential was measured 
between the bus bar and counter-electrode.   
The monitoring samples were Al- 4 with dimensions of # ×   ×  . mm. A wax 
coating (Suprawax) was applied on one side and around the edges of each sample, 
leaving an exposed area for processing of  ×   mm. Shunt samples were also Al- 4 
and had an exposed area of ,4 mm. Samples were processed such that the current 
flowing through the monitoring sample was ~.- A, to achieve a current density of 
around G A dm-. Current flowing to the monitoring sample was measured by making 
the electrical connection to the bus bar through a   Ω resistor. The voltage drop across 
this resistor was measured using an active differential probe (Pico Technology TA!G) 
with  × attenuation. The shunt sample used for 4 Hz processing was the same as the 
samples used for mass gain (4 × 4 ×  . mm), however, when processing at ,4 Hz 
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a different geometry shunt sample was required to keep the current flowing to the 
monitoring sample approximately constant. These were   ×   ×  . mm, so that they 
had the same width as the monitoring sample. This was required so that the high local 
electrical field at the sample edges would be similar in both samples, keeping the current 
at a more consistent value. 
The total current and the current flowing to the monitoring sample were recorded, 
and the data are shown in Figure !.F. The total current was set at a higher value (#.  A) 
for the ,4 Hz case, than the 4 Hz case (4. A). This was done so that the current 
flowing through the monitoring samples was approximately the same in both cases at 
~.- A, and the correct current density (G A dm-) was achieved. The current is less 
uniform for the high frequency case, and the power supply did not hold the current at 
the set value as consistently as at the lower frequency.  




Figure *./ Total current and current flowing through the monitoring sample at (a) 4 Hz, and (b) 
,4 Hz. The total current at 4 Hz was set at a lower value than at ,4 Hz to give similar currents 
through the monitoring sample.  
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In order to check whether the conditions experienced by the monitoring sample were 
similar to standard processing conditions, the applied voltage was compared. The data 
are shown in Figure !.#, where it can be seen that the voltage follows a similar trend for 
standard samples and gas collection experiments. However, the voltage during gas 
collection experiments was systematically lower than under standard conditions by 
approximately ! V at 4 Hz and slightly less at ,4 Hz. The reasons for this are not 
completely clear, but it is likely to be due to the differences in sample geometry, or slight 
variations in electrolyte conductivity due to processing over several days. The mass gain 
of the monitoring sample was also compared to the standard plate samples. After G 
minutes of processing, the mass gain of standard samples, normalised for area, were 
.-- g dm- and .44 g dm- for 4 Hz and ,4 Hz respectively. The monitoring 
samples had mass gains, normalised for area, of .-G g dm- and .-# g dm- for 4 Hz 
and ,4 Hz respectively. There is relatively good agreement for the 4 Hz case (within 
4 %), but the discrepancy is slightly larger at ,4 Hz (around  %). 




Figure *.0 Comparison of the voltage during processing of standard plate samples, used for mass gain 
experiments, and the voltage during gas collection experiments for (a) 4 Hz, and (b) ,4 Hz. The 
voltage follows a similar profile in both cases, although the gas collection experiments have a 
systematically lower voltage by ~! V.  
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Chapter 5  
 
Localised Discharge Cascades 
The key to understanding the PEO process more fully lies in the detailed study of 
individual discharges. There has been significant progress in recent years from such 
studies, however, the picture is far from complete. Further improvements in the 
understanding of the mechanisms and processes occurring during an individual 
discharge, or sequence of discharges, has the potential for making informed 
improvements to PEO coating production process. 
   This work focuses on the study of individual discharges using high-speed 
photography of bulk samples, and high-speed photography, coupled with electrical 
monitoring, of small area samples. A study of the effects of discharges on the coating 
microstructure is made, and the sequence of events occurring during a discharge 
sequence is proposed.  
5.1 Experimental details 
In §4. coatings were grown on bulk samples of Al--#, in the form of cylindrical 
bar, with diameter of  .# mm, mounted in resin. The   kW Keronite™ processing rig, 
with standard aluminium electrolyte was used to produce coatings. A constant 
capacitance condition was set to achieve a current density of  4 A dm- after the initial 
transitory regime. 
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Video sequences were captured at regular intervals during formation of PEO 
coatings, up to a thickness of around - μm. Each video sequence covered an interval of 
approximately   ms, and was captured at  #, frames per second, giving a time 
resolution of ~4.4 μs. The frame size was  # ×  # pixels, with a linear spatial resolution 
of   μm per pixel, such that images covered an area of around .! mm. 
In §4.G the small area electrical monitoring technique was employed to conduct 
further studies of discharge cascades. Coatings were grown on bulk samples of Al- !, 
in the form  × 4 × 4 mm plates mounted in resin, connected in parallel with the 
exposed end of a small (.## mm diameter) wire of the same material. The   kW 
KeroniteTM rig, with standard aluminium electrolyte, was used for processing samples. 
A frequency of either 4 Hz or ,4 Hz was set, to investigate the effects of changing 
the AC supply frequency. A constant current condition was used, corresponding to a 
current density of G  A dm-, for both anodic and cathodic polarities. Samples were 
processed for G minutes before experiments were started, generating an initial coating 
~  μm thick. Microstructural changes were assessed by SEM imaging of the small area 
sample before and after short PEO treatments.  
The camera employed was a Phantom V . , with the acquisition rate set at  #,-! 
frames per second (4.  μs exposure time). The linear spatial resolution was  G μm per 
pixel. Typical images comprised  # ×  # pixels, covering the entire small area sample 
(circle of diameter .## mm). 
Electrical data were collected with a sample interval of !# ns, using the set-up 
shown in Figure !.G(b). The wire was connected to a bulk substrate through a 4 Ω 
resistor and a reed relay switch, with the current determined from the voltage drop 
across the resistor, as shown in Figure !.!. This created a current scale range of 
±! mA, which covered all of the profiles except for a few peaks during cathodic 
discharges.   
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5.2 Bulk sample characteristics 
5.2.1 General characteristics 
During examination of typical video footage, it became apparent that there is a 
strong tendency for discharge events (pulses of light emission) to occur in bursts, termed 
“cascades”. Cascades consisted of a sequence of light emission events, with an 
“incubation” period between them where no light emission can be seen. Importantly, 
these cascades were occurring in highly localised regions. Several authors have shown 
that discharge events only occur during anodic polarity in this set-up and that electrical 
discharge events are very well correlated to light emission events (see Figure G.F). This 
is, however, the first set of experiments in which it has been confirmed that successive 
emissions occurred from the same location. 
The location of a cascade can persist over several periods of the applied waveform. 
These observations are illustrated in Figure 4. , showing information obtained from a 
PEO coating ~4 μm in thickness. Light intensity data in Figure 4.  are obtained by 
summing all the pixel values, either for the entire frame ( # ×  # pixels), or just from 
the region indicated by the white circle in Figure 4. (b), with successive frames 
corresponding to time data. Figure 4. (b) shows the superimposition of the complete 
video sequence (~ F,4 images), which was produced by summing the  pixel values of 
each image in the sequence. Clearly, during the period concerned (~  ms), a series of 
discharges occurred at a particular location and, at least in this case, nowhere else in the 
field of view—this is confirmed by comparing Figure 4. (a) and (c), which shows all the 
light intensity peaks came from the localised region indicated in Figure 4. (b). 
Camera recording were made periodically as the coating thickness increased, each 
~  ms long, but often did not show any discharges, highlighting the stochastic nature 
of discharge events. The discharges apparently occurred only when the (anodic) applied 
potential was sufficiently high. This is illustrated by Figure 4. (d), which shows a higher 
resolution plot of the light intensity and a typical voltage profile for the anodic half cycle 
Chapter 4 - Localised Discharge Cascades 
85 
 
superimposed. Discharge durations were between   and G μs, separated by 
incubation periods of about 4– , μs. This is broadly consistent with previous 
observations, see §G.. . It certainly seems likely in view of these observations that 
“cascades” of this type, with these characteristic features, commonly occur at discrete 
locations. 
 
Figure -.(. Information relating to a sequence of  F,4 images (exposure time ~4.4 μs, pixel side length 
  μm) from a PEO coating ~4 μm in thickness, showing, (a) total summed light intensity for each frame, 
as a function of time, (b) a superimposition of the complete sequence of images, (c) as for (a) but taken 
only from the bright area (circle of ## μm diameter) in (b),and (d) higher resolution plot of part of (c), 
approximately covering an anodic half-cycle, with a typical measured voltage profile [!F] during such a 
period superimposed. 
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5.2.2 Effect of coating thickness 
The cascade behaviour described above was observed throughout the experiment, 
although there were certain systematic differences between thin (~4 μm) and thick 
(~4 μm) coatings. Figure 4. illustrates these differences, which shows information 
obtained from a thin (~4 μm) coating, corresponding to the information shown in Figure 
4.  for a thick (~4 μm) coating. It can be seen that, with such a thin coating, discharges 
occurred in several, in this case four, locations within the viewed area, during the period 
concerned (~  ms). As with the thicker coating, they were confined to the periods 
during which the applied anodic potential was sufficiently high. It seems that discharges 
can take place simultaneously in different nearby locations (Figure 4.(d)) although it 
might be inferred that this becomes unlikely if they are very close. For example, 
discharges in location ! appear to have been largely suppressed by being close to the 
well-established cascade taking place in location  . This may be related to the charge 
distribution and equi-potential contours in the vicinity of a discharge. It is perhaps 
worth noting that the three well-established cascades in Figure 4.(b) are all about   mm 
apart. Of course, this cannot be regarded as statistically significant, and in any event the 
area from which charge may be flowing into a discharge probably becomes larger as the 
coating becomes thicker, but it may nevertheless be potentially of interest.  
It is also clear that the individual discharges are more frequent and less intense when 
the coating is thinner. This is a feature that is well established for PEO and, indeed, is 
often apparent to the naked eye, although evidently it is not in fact discrete discharge 
events that are being observed in that case. A further impression of the differences 
between discharge sequences taking place through thin and thick coatings can be 
obtained from Figure 4.G. These two plots show perspective visualisations (with the 
contrast reversed and the transparency set so that low value pixels were transparent and 
high value pixel were opaque), for thin and thick coatings, of a portion of the complete 
stack of frames, covering a time period of about # ms (i.e.  ,4 frames). In both cases, 
this captures part of a cascade (two for the thinner coating) occurring during an anodic 
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half-cycle. This confirms the strong tendency towards spatial localisation of individual 
cascades and also conveys an impression of the partially stochastic nature of these 
events. 
 
Figure -.& Corresponding information to that of Figure 4.  from a PEO coating ~4 μm in thickness, 
showing (a) total summed light intensity for each frame, as a function of time, (b) a superimposition of 
the complete sequence of images, (c) plots of summed intensity against time for light from the ! circles 
(288 μm in diameter) shown in (b), and (d) higher resolution plot of part of (b). 




Figure -., G-D perspective and -D projection views of a stack of images (with reversed contrast), 
representing periods of #.4 ms duration, for coatings with approximate thicknesses of (a) 4 μm and (b) 
4 μm. 
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The experimental outcomes described above do provide clear confirmation that 
discharges exhibit a strong tendency to occur in cascades, which take place in localised 
regions. The spatial resolution of these videos is not very high, but it is sufficient to be 
confident that successive discharges initiate and develop in locations that are favourable 
(constitute low electrical resistance paths) because of microstructural changes that arose 
there during previous discharges. 
The apparent size of discharges can be estimated from the video images. However, 
this does not give an accurate measurement of the discharge plasma size due to light 
scattering, and the sensitivity of the camera CCD array, but does provide a semi-
quantitative comparison. The region from which light is emitted during a cascade 
appears to be of the order of several tens of μm in diameter, although there is evidence 
that it is smaller for thinner coatings than for thicker ones, see Figure 4.G. This appears 
to be a consequence of the discharges themselves being larger (more energetic and 
longer-lived) with a thicker coating, rather than the location drifting around more in 
that case. These images suggest that each discharge in a cascade occurs at exactly the 
same location as previous ones in the sequence, at least within the available resolution. 
It is not surprising that the thickness of the coating has an effect on the details of how 
these discharges and cascades take place, but it seems likely that the sequence of events 
is similar across a wide range of thickness. 
5.3 Small area sample investigation 
5.3.1 Electrical characteristics at low and high frequency 
Typical variations of voltage and small area current are shown in Figure 4.! for (a) 
4 Hz and (b) ,4 Hz. It can be seen in Figure 4.!(a) that F discharges occurred during 
this anodic half-cycle (  ms period) at 4 Hz. The anodic voltage developed was about 
- V. The average current during this cycle was about  mA. During the   s treatment 
period, discharges occurred only during the latter part, such that the average anodic 
current over the whole period was about half this value. The average current during the 
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cathodic half-cycles tended to be more homogeneous and was also ~  mA, although 
the voltage needed to create this was only ~ 4 V. Converted to a current density, using 
the nominal surface area of the wire, a current of   mA corresponds to about  A dm-
, which is larger by a factor of about - than the pre-set value, which flows through the 
main part of the sample. This difference is partly attributed to the convergent nature of 
the electric field in the vicinity of the small area sample (analogous to the “corner effect” 
often observed with bulk samples) and also to some coating production on the 
cylindrical surface of the wire exposed by the small interfacial gap between it and the 
surrounding resin. It should also be noted that the period of   s is rather short for the 
discharge characteristics on the small area sample to be expected to conform to overall 
average behaviour. Typical peak discharge currents were ~  mA and discharge 
lifetimes were ~G μs. These values are consistent with previous reports [!F, F!, FF].  
With the higher frequency supply (Figure 4.!(b)), the average current was similar to 
that at 4 Hz (~  mA), in both anodic and cathodic half-cycles, but there was sufficient 
time for only a single discharge in an individual anodic half cycle and these occurred in 
only a relatively small proportion of them. The voltage created during the anodic half 
cycles was similar to that with the lower frequency (~- V), but in the cathodic half-
cycles it was larger (~G V, compared with  4 V), suggesting that a larger driving force 
is required to maintain the set current density when the frequency is high. Typical 
periods between (anodic) discharges were about 4 ms, corresponding to about   cycles. 
The peak current in a discharge (~  mA) was similar to the low frequency case. 
Discharge lifetimes commonly covered the whole half-cycle period ( μs), suggesting 
that they were being cut slightly short as the voltage switched to cathodic.  




Figure -.* Synchronised plots of (small area) current and voltage during representative periods for supply 
frequencies of (a) 4 Hz and (b) ,4 Hz. 
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It was also noticeable that, with the high frequency supply, discharges sometimes 
occurred during the cathodic part of the cycle. This is illustrated in Figure 4.4, where it 
can be seen that they commonly, but not invariably, followed an anodic half-cycle in 
which a discharge had occurred. It can also be seen that, while the discharge lifetime 
was usually the half-cycle period ( μs), the peak current (~G-! mA) was 
significantly larger than that during anodic discharges (~  mA). They do take place 
with a lower voltage (~G V, as opposed to - V for anodic discharges), but the levels 
of energy, as well as the amount of charge transferred, do therefore appear to be 
somewhat greater for cathodic discharges. The cathodic discharges were less common 
than the anodic ones, but, as can be seen in Figure 4.4, they tended to occur in clusters. 
It seems possible that oxidation could take place during cathodic discharges in a similar 
way to that in anodic ones, since both presumably allow exposure of metal from the 
substrate to oxidizing agents in the plasma channel.  
 
Figure -.- Synchronised plots of (small area) current and voltage during PEO processing at ,4 Hz, 
showing a set of cathodic discharges. 
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5.3.2 Microstructural evolution during a cascade  
On comparing SEM micrographs before and after the short duration (  s) PEO 
treatments, it was immediately apparent that changes had occurred in one region only, 
despite the fact that many discharges had been generated during this period. This is 
further strong evidence for the localization of cascades, and suggests that they can 
persist in a given location for considerably extended periods (during which hundreds of 
discharges occur). An example can be seen in Figure 4.-, which shows micrographs 
taken before and after a PEO treatment at 4 Hz, lasting for   s. Discharges occurred 
only during the last .- s of this period (through about G cycles), with a total of about 
4 discharges (about # in each anodic half-cycle) during this treatment. These 
discharges all occurred in the upper central region of the sample, as oriented in Figure 
4.-. Evidence for this is presented in Figure 4.F, which shows a single video frame (from 
an anodic half-cycle) and the complete set of superimposed frames ( #, frames, 
each with ∼4 μs exposure time) over the   s period. It can be seen that significant light 
emission occurred only in the two adjacent locations in Figure 4.-(d) where the 
microstructure had changed. It should be appreciated that relatively large gas bubbles 
normally form at the top of plasma channels in such coatings, blurring the sharpness of 
the light emission in images of this type, which is investigated in §-.G. 




Figure -.. SEM micrographs of a small area sample, with   μm PEO coating, showing (a) complete 
surface in initial state, (b) magnified top central region, (c) complete surface after further PEO processing 
at 4 Hz for   s and (d) magnified top central region after the   s treatment (with the regions in which the 
discharges were localised indicated by circles). 




Figure -./ Video images of the small area sample taken during the   s PEO treatment at 4 Hz (in the 
same orientation as Figure 4.-), showing (a) a typical single frame and (b) the complete set of (~ #,) 
superimposed frames. The white circles show the approximate location of the sample boundary. 
Comparing the whole small area sample before and after the  s PEO treatment 
(Figure 4.-(a) and Figure 4.-(c)) it can be seen that the only location in which the 
microstructure differed significantly was the upper central area shown at higher 
magnification in Figure 4.-(b) and Figure 4.-(d). As can be seen in these two 
micrographs, changes were induced by the repeated discharges in the central part of this 
field of view, particularly in the two regions indicated by the dotted circles. It does 
appear in this case that microstructural changes at the surface, and associated emission 
of light, were centred on two locations about  μm apart, and the affected regions 
were approximately circular, with diameters of the order of  – 4 μm. Emissions often 
occurred simultaneously from both locations (see Figure 4.F(a)), although there were 
also instances in which one or the other dominated. It seems likely that they were both 
associated with the same discharge events, probably with the same point of origin at the 
interface between coating and substrate, but different paths to the surface. As suggested 
in §4.., independent simultaneous discharge cascades are unlikely to be located much 
closer than about   mm apart and this is in line with broad expectations concerning the 
nature of associated electric fields and charge redistribution effects. It may be that such 
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a bifurcation of discharge paths to the surface is relatively rare, although these 
observations confirm that it can happen. 
It has been estimated (see §-.4) that a typical discharge energy is ∼  mJ under the 
conditions used in the present work and that the conversion rate between discharge 
energy and resultant volume of coating is typically ∼  G J m−G ( −4 J μm−G). These are 
highly approximate figures, but it follows that, during the   s PEO treatment, with ∼G 
localised discharges occurring on the small area sample, about .G J of energy was 
absorbed there, creating (.G/ −4) ∼G ×  ! μmG of oxide. This corresponds to a cube of 
side ∼G μm, or, on a cylinder of diameter   μm, an increase in length of about ! μm. 
Of course, much of this oxide was probably created near the interface with the substrate 
and a relatively small proportion ejected through the discharge channel onto the free 
surface. It is also possible that molten oxide is injected under the pressure of the 
discharge into neighbouring inter-connected pores, see §4.G.4 below. In any event, what 
is being observed in Figure 4.-(b) and (d) appears to be at least broadly consistent with 
these expectations about the quantities of oxide involved. 
5.3.3 Effect of interruption of a discharge cascade 
Presented in Figure 4.# is the outcome of the experiment in which the sample was 
subjected to a second PEO treatment of duration   s (at 4 Hz), after having been 
removed once and examined in the SEM. This is an analogous set of micrographs to that 
in Figure 4.- and it can be seen that similar effects were observed, with a change in the 
surface appearance again having been created only in the upper central part of the 
section. (Figure 4.#(a) and (b) are thus the same images as Figure 4.-(c) and (d), and are 
reproduced here for ease of comparison.) The associated video information was also 
similar to that shown in Figure 4.F. It is clear from these observations that it is the 
residual microstructure, probably primarily the presence of pore channels, that 
predisposes a cascade of discharges to persist in the same location, rather than anything 
connected with residual thermal or electrical fields. It may also be noted that the total 
number of discharges in the cascade that extended through these two   s treatments was 
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about F. The maximum number of discharges in a cascade cannot really be estimated 
from the information here, although it seems likely that the figure might be of the order 
of at least  ,, since the cascade had not terminated when the treatment was stopped. 
The most likely feature responsible for this behaviour is clearly a large, deep pore, or 
pore network, which, when re-filled with electrolyte, provides a path of low electrical 
resistance. 
 
Figure -.0 SEM micrographs of a small area sample, with   μm PEO coating, showing (a) complete 
surface in the initial state (after one   s treatment), (b) magnified region where the cascade occurred, (c) 
complete surface after a second   s PEO treatment at 4 Hz and (d) the same region after PEO processing 
at 4 Hz for a further period of   s. 
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5.3.4 Microstructural evolution with high frequency supply 
The same operations were carried out (on a different sample), with a frequency of 
,4 Hz. The outcomes are shown in Figure 4.H. In this case also, a discharge cascade 
occurred, localised in one place and extending over the treatment period of   s. The 
discharges were fairly uniformly distributed in time, with the total number during the 
period being about  4 (so that they occurred approximately once every  4 cycles, at 
intervals of about - ms). In this case, there was just one channel reaching the surface, 
and indeed it may well be relatively unusual for two nearby channels to be created as 
part of a single discharge cascade, as was observed in the 4 Hz case. 




Figure -.1 Microstructural effects of a discharge cascade on a small area sample (with   μm PEO 
coating) at ,4 Hz for   s, showing (a) SEM micrograph of the surface in the initial state, (b) 
superimposed set of (∼,) video images taken during the process, (c) magnified SEM of the region 
indicated in (b) as the cascade location and (d) the same area after PEO processing (with the region in 
which the discharges were localised indicated by circles). 
A significant difference, however, between outcomes with the low and high 
frequency supplies was the occurrence in the latter case of discharges during cathodic 
half-cycles, although they formed only sporadically. Figure 4.  shows a set of - images, 
each created by superimposing the G- video frames that cover a half-cycle ( μs) in 
the set for which the electrical data are shown in Figure 4.4. Alternate images in this 
sequence thus cover anodic and cathodic half-cycles, starting with an anodic one. It can 
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be seen that the half-cycles for which significant current flow took place (i.e. discharges 
occurred) correspond to ones in which there was light emission (i.e. all except the third 
one in this series). It is also clear that all of the discharges took place in the same 
location—the one shown in Figure 4.H. Also apparent is that the cathodic discharges 
(second, fourth and sixth in this series) involved stronger light emission than the anodic 
ones. This is consistent with the associated currents (in Figure 4.4) being significantly 
greater for the cathodic discharges. 
 
Figure -.(6 Sequence of superimposed sets of video images (each made up of G- separate images, covering 
one of the - half-cycle periods shown in Figure 4.4), during PEO processing at .4 kHz. 
Of course, since there were relatively few cathodic discharges during the experiments 
carried out here, and they occurred in the same locations as anodic ones in the cascade 
concerned, it is not possible to draw any firm conclusions about the microstructural 
changes they induced. It seems likely, however, that they could also promote at least 
some oxidation of the substrate. 
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5.3.5 Discharge channel architecture  
An impression of the G-D pore architecture of a discharge channel, formed during 
the experiment in §4.G.!, can be obtained from Figure 4.  . A perspective view down into 
the channel is shown, followed by a series of transverse sections. The appearance is 
broadly consistent with recent work [FH, #!] showing tomographic data from PEO 
coatings. It can be seen that, while the architecture is naturally rather irregular, the main 
pore does penetrate down close (a few μm) to the substrate, although it does taper 
slightly in diameter with increasing depth. It is a few tens of microns in diameter near 
the bottom, while the region of the “volcanic crater” at the top has a diameter of 
∼  μm. The surrounding region at the top of the channel may be largely formed of 
oxide ejected from it during the cascade. It is possible that the “incubation period” 
between the individual discharges in a cascade (usually of the order of several hundred 
μs) represents the time needed for electrolyte to fill the (evacuated) channel left after 
the plasma in it has collapsed.  




Figure -.(( Tomographic data from the region of the small area sample in Figure 4.H (d), showing (a) a 
perspective view into the pore channel and (b)–(g) progressive parallel sections (   μm apart), containing 
the through-thickness direction, with sections (d) and (e) located near to the approximate axis of the pore. 
Porosity in PEO coatings does tend to be inter-connected and while they are 
certainly quite porous (typically ∼ 4–% [#G]), they do not normally contain many very 
large diameter pores of the type seen here (at least in Al-based samples). The reason for 
this is presumably that they tend to become filled, or to collapse, when new discharges 
occur in the vicinity. It seems likely that molten oxide can be expelled from an active 
discharge channel, not only to the free surface (creating “volcanic craters”), but also into 
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nearby residual pores from earlier cascades. In this way, the only large diameter through-
thickness pores present in a PEO coating (of the type shown in Figure 4.  ) are likely to 
be those created by the most recent discharge cascades. 
5.4 Summary 
It is confirmed that the discharges occurring during PEO tend to occur in sequences 
(“cascades”), with lifetimes from a few microseconds to several tens of microseconds and 
“incubation” periods between them from tens to hundreds of microseconds. Cascades 
can extend over several cycles of the applied potential, and only occur during the anodic 
half-cycle under standard conditions. These have been observed to comprise at least 
several hundred individual discharges and it seems likely that this number could 
commonly run into thousands (especially for thick coatings). A particular cascade occurs 
in a well-defined physical location, with successive light emission events having similar 
radii and being centred on the same point (within the linear resolution of the images 
used here). As the coating thickness increases, most of these characteristics remain 
qualitatively unaltered, but there is a tendency for the light emission to have a larger 
radius and greater intensity with thicker coatings. Discharge lifetimes, and incubation 
periods, also tend to increase as the thickness is raised. 
From microstructural observations of the changes induced by individual cascades on 
the free surface, the affected regions are approximately circular. With an initial PEO 
coating (~  µm thick), the diameters of the affected regions are of the order of   µm. 
Using estimates of the aggregate discharge energy involved in a cascade of, say,  , 
discharges, and the relationship between this and the volume of oxide created, the 
associated increase in the average thickness of this circular area is ~4 µm. Discharges 
within a cascade continue at the same location, even if the PEO process is interrupted, 
the sample removed, dried, and replaced in the electrolyte and the process restarted. 
This strongly suggests that it is residual microstructural features, particularly the pore 
channels, that are ensuring that the cascade persists in the same location, rather than 
Chapter 4 - Localised Discharge Cascades 
104 
 
short term effects such as residual thermal or electrical fields. A picture now emerges of 
the complete cycle of events during a discharge within a cascade sequence. This is 
illustrated in Figure 4. , which shows a series of schematic sections (based on the pore 
architecture in one of the tomographic sections in Figure 4.  ). The factors that control 
the timing of the sequence can be identified in these schematics. For example, the 
incubation period probably represents the time required for the electrolyte to flow back 
into the pore. This will tend to become longer as the coating thickness increases. The 
substrate is progressively consumed at the site of the discharge (by evaporation into the 
plasma) and oxide is progressively formed in the vicinity. The region of consumption of 
the substrate at the bottom of the pore channel extends down several microns, relative 
to the surrounding area. Since the oxide normally occupies a larger volume than the 
metal from which it formed (partly due to porosity in the oxide), the interface moves 
downward relative to the original position of the metal surface, while the free surface 
moves upwards.  The lifetime of a cascade is presumably terminated when enough oxide 
has been formed in the location concerned to raise its resistance above that of alternative 
nearby sites.  




Figure -.(& Sequence of schematic sections through a pore during the cycle of a single discharge event in 
a PEO cascade. 
A high frequency supply, with the half-cycle period approaching typical discharge 
lifetimes, creates discharges at similar overall intervals to the low frequency case, also in 
spatially-localised cascades and inducing similar microstructural changes. It has also 
been observed that high frequency leads to discharges occurring during the cathodic 
half-cycle, as well as the anodic one. Furthermore, these cathodic discharges are more 




Chapter 6  
 
Energetics of Individual Discharges 
One of the factors limiting more widespread use of PEO coatings is the high energy 
consumption associated with the process. In principle, oxidation of the metal substrate 
is thermodynamically favourable so should release energy rather than consume it. 
Therefore, a detailed study of the processes involved during PEO, and particularly 
during individual discharges, is needed to understand where and why large quantities 
of (electrical) energy are consumed during PEO processing.  
The present work applies techniques, previously discussed, to study individual 
discharges using synchronised high-speed video and electrical monitoring, with external 
illumination. The results of this allow a semi-quantitative energy audit to be carried out 
to establish the main sources of energy consumption.  
6.1 Experimental details 
Coatings were grown on bulk samples of Al--#, in the form 4.! mm square 
section bars mounted in resin, with the exposed end of a small (  mm diameter) wire of 
the same material. The   kW machine was used with a frequency of 4 Hz and a 
current density of G  A dm-, for both anodic and cathodic polarities. A coating of 
thickness ~4 μm was created (by running the process for about G minutes) before the 
measurements were started. 
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The camera employed was a Photron FastcamSA  . , with the acquisition rate set at 
 4, frames per second (# μs exposure time). The linear spatial resolution was H μm. 
Typical images comprised  H ×  !! pixels, covering an area of .! mm, which was 
large enough to view the entire cross section of the small area (  mm diameter) wire. 
This was synchronised with electrical measurements using the set-up shown in Figure 
!.G(a), and had a sampling interval of  .! ns.  
6.2 Electrical characteristics of individual discha rges 
A typical current-time relationship after initiation is shown in Figure -. . It can be 
seen that, after an initial peak in current (on switching to the anodic half-cycle), current 
pulses start to form after around  μs, representing individual discharges. As was 
observed from light emissions in §4.  under similar conditions (on a bulk sample), 
discharge durations were around –  µs (depending on coating thickness and 
current density) and periods between them were of the order of tens to several hundred 
µs (all occurring in cascades at particular locations). The discharge indicated in the 
figure is the one selected for synchronous study of video images. 




Figure ..( Section of the current–time relationship for the small area sample. 
Figure -. shows a higher resolution view of the current-time relationship for the 
selected discharge, together with the corresponding voltage-time relationship. In 
addition to allowing the duration of the pulse (~  µs) to be accurately evaluated, this 
plot reveals that there are some spikes in the current profile. However, it is also clear 
from this figure that they arise from regular high frequency (~4 kHz) fluctuations in 
the applied voltage, which are present throughout and are unaffected by the presence 
or absence of current flow. They probably arise from some sort of source modulation or 
interference effect, and they are clearly unrelated to any phenomena associated with the 
individual discharges. 




Figure ..& Synchronised current–time and voltage–time relationships for the small area sample, focussed 
on the period of the individual discharge indicated in Figure -. . The vertical dotted lines indicate the 
times at which the bubble associated with this discharge first appeared and finally disappeared. 
6.3 Dynamics of bubble growth 
Figure -.G shows a series of images from the video of the small area sample during 
the discharge indicated in Figure -. . These   images, each with an exposure period of 
# µs, cover the period indicated in Figure -. as running from about G!.  ms to 
G!.# ms (i.e. about  # µs). Every second image in the sequence is shown in this 
figure, so that the interval between them is  - µs. It can be seen in this figure that the 
bubble expands more or less symmetrically from the bright spot representing the point 
where the discharge reaches the surface of the coating, and also contracts symmetrically. 
This bright spot remains visible up until the G!. - ms image (arrowed), after which it 
disappears. There is still some light coming from the bubble area after that, although 
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this appears to be due to reflections from the illuminating light source. This observation 
is consistent with the current-time plot in Figure -., where it can be seen that the 
current is largely cut off at about G!.G ms. 
 
Figure .., Sequence of video images covering the time period indicated in Figure -.. 
It is certainly clear that electric current does continue to flow well after the bubble 
has started to form and grow. It is not so clear, however, what path this current is 
following during this phase. It may be going diffusely through the gaseous phase within 
the bubble, although there appears to be little or no (visible) plasma-like emission from 
this region—apart from the central bright spot, arrowed in one of the images, 
representing the discharge channel within the coating. There is also no evidence of a 
localised arc reaching the surface of the bubble. It should be noted that, while it would 
be unjustifiable to draw detailed general conclusions from study of a single discharge, 
data and images from many others in this investigation have been examined and the one 
under scrutiny here appears to be typical. Alternatively, the current may be reaching the 
bulk of the electrolyte at least partly via other routes, for example, through liquid flow 
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or ionic diffusion within electrolyte contained in the pores within the coating 
surrounding the discharge channel. On the other hand, it seems very likely that it is an 
increase in the electrical resistance of the growing bubble that is responsible for cutting 
off the current. This issue needs further (experimental and theoretical) study. 
 It can also be seen that, once the current has stopped flowing, the bubble no longer 
contains a bright central spot. Furthermore, while the bright spot appears to have a 
radius of about G µm (broadly consistent with the apparent size of discharges 
monitored previously solely via light emission), the bubble grows to a maximum radius 
of about 4 µm. This is apparent in Figure -.!, which shows measured values of the 
bubble radius from all  of the video images covering this period, together with the 
current-time plot. A further feature is also apparent in this plot. The bubble radius 
actually starts to reduce (at t = G!.  ms) slightly before the current has stopped 
flowing (at t = G!.G ms), although the shrinkage rate does accelerate considerably 
after the current has been cut off. It seems likely that there is an ongoing balance 
between (electrical) injection of energy and the various (energy-absorbing) phenomena 
associated with expansion of the bubble. It is certainly possible that this balance could 
lead to the bubble starting to shrink while some injection of energy is still taking place. 




Figure ..* Synchronised current–time and bubble radius–time relationships for the small area sample, 
focussed on the period of the individual discharge indicated in Figure -. .  
6.4 Pressure in a gas bubble  
Expansion of a (hemi-)spherical gas bubble in a liquid, driven by an internal over-
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where r is the bubble radius, ρL is the density of the liquid (~ , kg m-G), µL is its 
kinematic viscosity (~ -- m s- ) and γ is the energy of the gas-liquid interface 
(~.4 J m-). For the present case, the right hand side is largely dominated by the 
second term. Applying the equation over the initial period of bubble growth, when the 
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velocity of the interface is constant at about   m s-  (see Figure -.!), leads to a value for 
∆P of about  .4 bar. This pressure clearly drops off as the radius approaches its 
maximum, presumably because the rate of expansion of the bubble volume is no longer 
matched by the rate of vaporisation of water, but the main point to note is that the 
pressure never becomes large. This over-pressure value (~  bar) is consistent with the 
fact that the rate of radius contraction after the water vapour has started to condense is 
similar to the rate of expansion (i.e. the plot in Figure -.! is approximately symmetrical), 
with the shrinkage presumably driven by an external over-pressure of about   bar. 
It may, however, be noted that the pressure at the point when the bubble first starts 
to form could be appreciably higher than the regime indicated above. The work of 
Hamdan et al. [ -H] suggested that, immediately after ignition (within ~  ns), the 
pressure may be tens or hundreds of atmospheres, but it falls off very quickly as the 
bubble expands. The temporal resolution of the present work is insufficient to draw any 
conclusions about effects occurring in these very early stages. 
6.5 Energetic processes of individual discharges 
It has long been clear that for PEO, unlike conventional electrochemical processes 
such as electroplating, it is not possible to associate a given amount of “deposition” or 
“conversion” with a certain quantity of charge. Indeed, the concept of the efficiency of a 
PEO process, in terms of comparing the energy consumed with the “minimum” energy 
required, is not a valid one since, in principle, oxidation of the metal should release 
energy, rather than consume it. Nevertheless, there is considerable interest in evaluating 
the energy consumption per unit volume of coating produced, understanding its origins 
and, if possible, minimising its value. The detailed information regarding individual 
discharges obtained in this work, and corresponding macroscopic observations, allows 
such an assessment to be made. The highlighted discharge presented in the previous 
sections of this chapter will be used as an example for analysis purposes. 
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6.5.1 Oxidation associated with individual discharges 
Taking typical order of magnitude values, the rate of PEO growth is ~  μm min− , or 
~ 4 nm s− , over a wide range of coating thickness. Recognising that there is often an 
increase in volume as an oxide forms from its metal (the Pilling–Bedworth ratio for Al is 
about  .#), that the oxide is quite porous, and that there is often some incorporation of 
species from the electrolyte, the rate of consumption of the substrate might thus be 
~  nm s− . A typical corresponding current density can be taken as ~  A dm−, 
occurring in the form of discrete discharges—each of which carries, say, one μC of charge 
[!F]. (It must be recognised that discharges vary considerably in intensity, even for a 
given coating thickness, and also tend to become more intense as the thickness 
increases.) This current density therefore corresponds to about  H discharges per m 
per second, or about   discharge within   mm in   ms. Recognising the crude nature of 
the estimate, this is broadly consistent with the observations presented in §4. . 
The substrate consumption rate of   nm s−  corresponds to   μmG mm− ms− , so 
one discharge consumes ~  μmG of Al (creating ~ 4 μmG of coating). In terms of energy 
consumption, this represents ~  G–  ! J m−G of coating (since the energy of a discharge 
[!F] is typically  – , μJ). This is broadly consistent with macroscopic electrical 
power consumption data. For example, Matykina et al. [ !4] reported very similar values 
(expressed as ~G kW h m− μm− , equivalent to ~ .  ×   G J m-G) obtained from external 
electrical measurements of current density and RMS voltage. They also showed that 
(relatively small) reductions in overall power consumption could be obtained by 
growing thicker “precursor” layers of porous alumina under conventional anodizing 
conditions with no discharge formation. 
Taking the energy consumption rate of   G J m−G of coating equates to 
~, kJ mole−  of alumina produced. This is a high value, particularly when it is 
recognised that the thermodynamic change in energy associated with the oxidation is 
~ ,4 kJ mole−  of alumina, which is negative rather than positive. There should thus 
be considerable scope for energy saving if the mechanism of exposing the substrate to 
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oxygen can somehow be made more efficient. A potentially promising direction for this 
would be to reduce the energy of each discharge, possibly by limiting the voltage at 
which it is initiated.  
6.5.2 Energy associated with coating production and heating 
A volume of ~  μmG oxidised per discharge corresponds to a mass of about .G ng. 
This quantity of material must be melted and vaporised, and then raised to the 
temperature of the plasma. Estimates of the plasma temperature within a discharge vary 
considerably, but are no higher than about  , K. The energy required, Q, to vaporise 
this mass, m, of material, and raise its temperature to  , K, can be calculated from 









where the specific heat, Cp, is taken to have a value of ~  J g-  K-  for the substrate material 
and ∆Hmelt and ∆Hvap (latent heats of melting and vaporisation) have values of ! J g-  
and  ,4 J g-  respectively. Vaporising this quantity of material requires just .- μJ, 
which is an insignificant fraction of the total energy input (~  mJ). 
It is not really clear whether the plasma formed during PEO can be considered to be 
in local thermal equilibrium (i.e. whether the effective temperatures of electrons and 
other species are similar). Most spectroscopic measurements suggest that it is probably 
not, at least in the early stages, and some estimates of the true effective temperature of 
the bulk of the material present are considerably lower (below 4, K). However, it is 
clear that the outcome of this calculation (i.e. that the energy required to raise the 
quantity of material present in the plasma to a very high temperature is negligible 
compared to the electrical energy injected) would be the same for any plausible 
temperature that could be used. 
Melting of existing coating material surrounding the discharge also turns out to 
require relatively little energy, even though the quantity of alumina involved in this is 
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considerably larger than the amount actually formed during each discharge. Taking the 
region of (alumina) coating to be melted as a cylinder of radius   μm and thickness 
4 μm, the mass concerned is ~- ng. Assuming that the molten coating remains at the 
melting temperature of alumina (~,G K), and taking its latent heat of melting, ∆Hmelt, 
to be  , 4 J g- , the energy required is obtained from 
 
Q = m C
p
∆ T + m ∆ H
m elt
 (5) 
giving a value of ~ μJ. This is greater than that required to vaporise the metal being 
oxidised, but is still much less than the total electrical energy being injected. This is 
perhaps encouraging in terms of suggesting that the irreducible minimum amount of 
energy associated with a process of this type may be much smaller than the quantity that 
is typically consumed. 
6.5.3 Plasma formation  
The energy required to create and sustain the plasma is more difficult to calculate, 
and the following analysis contains some crude approximations. Creation of the plasma 
requires ionisation of atoms. The electron density within the plasma has been estimated 
experimentally (via spectroscopic measurements) to be between    and   ! mm-G. The 
ionisation energy (H and O atoms) is of the order of  ×  - # J atom- . An upper bound 
can be obtained by assuming that the entire gas bubble (rB ~4 μm) has an electron 
density of   ! mm-G. It follows that the energy required to ionise sufficient atoms would 
be ~4 μJ. This is again relatively small, although perhaps not entirely insignificant, in 
the context of an injected energy of around   mJ. Of course, this takes no account of the 
energy needed to sustain the plasma, which is more difficult to estimate. The maximum 
contribution from this source is likely to be about twice that for ignition. In any event, 
even making upper limit assumptions, the value is still small compared with the total 
injected energy.  
Chapter - - Energetics of Individual Discharges 
117 
 
6.5.4 Vaporisation of water 
The main reason why the above contributions to the energy audit are all rather 
insignificant is simply that the quantity of material involved in each case must be very 
small. However, this is not necessarily true for vaporisation of water (electrolyte). An 
estimate of interest is the mass, m, of water that could be vaporised by the total amount 
of energy injected by the discharge, E. The specific heat of water, Cp, is !. J g-  K-  and 
its latent heat of vaporisation, ∆Hvap is ,- J g- . For water initially at H# K to be 
heated to GFG K and then vaporised (and remain at this temperature), the mass, m, for 







Assuming ideal gas behaviour, with atmospheric pressure and a hemi-spherical 
geometry, the following relationships apply between gas volume, v, gas pressure, P, 












=  (8) 
A value for the discharge energy, E, of ~ .4 mJ (obtained by numerical integration of the 
product of voltage and current for the selected discharge) then leads to a mass, m, of 
4# ng, corresponding to n ~G. × 10-8 mol. This mass of water, in the liquid state, would 
occupy a hemi-sphere of radius ~-4 μm and would, as a gas at atmospheric pressure, 
generate a bubble of radius ~F# μm. Heat transfer to the coating, substrate and 
surrounding electrolyte have been neglected here, but would all reduce the energy 
available to vaporise the electrolyte. There may also be some electrolysis or thermal 
decomposition of water, which would absorb further energy. 
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It seems clear that the quantity of water that would need to be vaporised in order to 
absorb, at least most of, the injected energy is quite plausible in terms of the volume of 
the hemi-sphere of water vapour that would be created, assuming the pressure in it 
remains close to atmospheric—which the calculation in §-.! suggests it will. Certainly, 
in the absence of water vaporisation, it is difficult to see how the dramatic expansion in 
bubble volume, relative to the volume of the discharge channel in the coating, could 
possibly occur without the pressure in it dropping well below atmospheric, in which case 
it would not be able to expand. It is easy to show that thermal expansion of this small 
quantity of material cannot account for the observed bubble growth—it would require 
heating to a completely unrealistic temperature, and it is already very hot when inside 
the discharge channel. It is unclear at this point whether there is significant ionisation 
of this large quantity of vaporised water, as was assumed in the calculation in §-.4.G 
regarding the energy required for plasma formation. However, it does seem unlikely that 
the entire bubble is actually ionised to this extent, otherwise the resistance of the bubble 
would not increase significantly as the bubble expanded, meaning there would be no 
need for the current to shut-off. 
6.5.5 Joule heating of the electrolyte 
It is fairly clear that, whatever forms the injected energy may transiently take after 
injection, most of it will end up as a raised temperature of the electrolyte, which in turn 
will have to be carried away by some form of heat exchanger if the process is to continue 
for any length of time. For example, if much of it does indeed get transformed from 
electrical/plasma energy to being stored in the form of a relatively large quantity of water 
vapour, this will subsequently condense, releasing this heat into the bulk of the 
electrolyte. However, it is possible that some of the electrical energy could be transferred 
directly into the electrolyte. The resistance, R, of the electrolyte through which the 
current is passing can be estimated using [FF]  















∆ =  (10) 
where ρ is the resistivity of the electrolyte. The conductivity of the electrolyte was 
4.  mS cm- , corresponding to a resistivity of around  Ω m (although stirring of the 
electrolyte may increase this). At the maximum bubble radius (~4 μm), the current, 
I, flowing through the discharge was ~G mA, giving a voltage drop across the 
electrolyte, ΔV, of ~ V. Since the total voltage drop was of the order of 4 V, the 
assumption that all the electrical energy is dissipated in the discharge site, or at least in 
very close proximity to it, appears to be valid. 
6.5.6 Chemical energy of oxidation 
Of course, the underlying chemical reaction is simply that of aluminium being 
oxidised to alumina. This contribution to the energy audit differs from all of the others, 
in that it is negative in sign (i.e. this energy will be released, rather than absorbed). Its 
magnitude is straightforward to estimate. The quantity of Al being transformed per 
discharge is about .G ng (see §-.4. ), leading to the formation of about .4F ng of 
AlOG. The free energy of the reaction is about  ,4 kJ mole-  of alumina formed. The 
energy released per discharge is thus about   µJ. This is much smaller than all of the 
other contributions, reflecting the very low efficiency of the PEO process from an 
energetic point of view. 
6.6 Summary of energy audit conclusions 
The information presented from synchronised current monitoring and high-speed 
video imaging of individual discharges formed during PEO processing at 4 Hz AC has 
provided insight into a number of things. The ignition of a discharge, and creation of a 
plasma channel through the thickness of the coating, is quickly followed by formation 
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and growth of a (hemi-spherical) gas bubble, centred on the plasma channel (which 
probably has a radius ranging up to a few tens of µm, depending on coating thickness). 
This bubble grows rapidly, typically reaching a radius of about 4 µm during the 
lifetime of the discharge. It seems likely that this bubble growth is responsible for a sharp 
increase in the electrical resistance of the current path, leading to the current shutting 
off. From the observed rate of growth of the bubble, it is concluded that the peak over-
pressure within it is relatively low (of the order of   atmosphere). 
The above estimates of the quantities of energy, in different forms, associated with a 
single discharge are, of course, relatively crude, although they are certainly informed by 
the newly acquired experimental information that is reported here. A semi-quantitative 
attempt to present this information graphically is shown in Figure -.4 (omitting the 
chemical oxidation energy, which is negligible compared to the other contributions). 
This depicts the relative significance of the heating and phase changes experienced by 
the different constituents present. Furthermore, in addition to omitting the chemical 
energy, there is no attempt to incorporate the contribution from electrolysis of water—
the extent of this is not well-established, but its contribution is in any event expected to 
be small. Evidently, assuming that this summary is reasonably accurate, most of the 
injected energy is (transiently) absorbed in the form of vaporisation of water, after which 
it will inevitably end up as rather low grade, difficult to recover, energy in the form of a 
large mass of moderately heated electrolyte. 
There does not appear to be any immediately obvious way of reducing this energy 
wastage, although improved understanding of details such as those presented here is 
certainly of potential value in considering various measures. The basic problem appears 
to be that exposing the substrate to oxidising agents via these highly energetic 
discharges is very inefficient, at least under the conditions conventionally employed. 
Suppressing bubble growth (for example, by pressurising the liquid) would not 
necessarily reduce the energy wastage, although measures such as this might be worth 
exploring. The most promising approach is probably to somehow reduce the energy 
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associated with each discharge (while retaining a similar rate of transformation of 
substrate), or to promote more transformation per discharge, while retaining a similar 
discharge energy. Further study of the details of the energetics of the process is clearly 
likely to be helpful in pursuing such aims. 
 
Figure ..- Semi-quantitative plot showing how the total electrically-injected energy changes during 
formation of the individual discharge under consideration here, and how it is converted between different 
forms during and immediately after the discharge period. 
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Chapter 7  
 
Effect of Supply Frequency on the 
Appearance of Cathodic Discharges 
Increasingly, PEO coatings are produced using higher (variable) frequency power 
supplies as opposed to the traditional mains frequency (4 Hz) machines. There are 
some limited studies of the effects of frequency, although mechanistic explanations are 
often lacking. Additionally, what actually happens during the cathodic half-cycle is often 
left rather unclear, although increasing attention is being paid to this—particularly in 
regards to the so-called “soft regime”, see §G.4. Usually, the cathodic process is smooth 
and continuous, however, discharges have been observed during the cathodic half-cycle 
(§G.!) under certain conditions. 
The present work aims to investigates how the process changes as the supply 
frequency is increased, such that the cycle period is no longer large compared with the 
inter-discharge period, or the discharge period itself. The nature of the discharges is 
investigated using high-speed video and electrical monitoring of individual discharges 
and these are correlated with the effects on the coating microstructure. Additionally, the 
mass gain and volume of gas liberated during processing has been monitored to 
investigate the changing mechanisms as the process supply frequency is increased.   
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7.1 Experimental details 
Small area sample investigations were carried out using the same conditions 
described in §-. .  
  Another set of experiments were performed using Al- 4 plates with dimensions 
of 4 × 4 ×  . mm, which were attached to a small aluminium block using a nylon 
screw. These were used for mass gain monitoring, as well as determining the number of 
anodic and cathodic discharges. Camera recordings were made from the centre of the 
plate using the Phantom V .  camera, with the acquisition rate set at  , frames 
per second. The linear spatial resolution was G! μm per pixel. Typical images comprised 
 - ×  - pixels, covering an area of G mm. Recordings were performed throughout 
processing in sequences which lasted  FG ms each.  
7.2 Electrical characteristics at different supply 
frequencies 
7.2.1 Bulk and small area current and voltage characteristics at 50 Hz 
Figure F. (a) shows a typical voltage profile during a single 4 Hz cycle (a period of 
 ms), at a stage when the coating thickness was about ! µm. This voltage acts across 
both the bulk and small area samples. It can be seen that the profile approximates to a 
square wave, with the anodic voltage being ~- V, while the cathodic voltage is ~ 4 V. 
It should be noted that these voltages are not pre-selected, but are adjusted by the 
machine to maintain the set current values. Figure F. (b) shows corresponding currents, 
both the total and through the small area sample. Apart from short initial transients on 
switching polarity, the total current was just above  A throughout both anodic and 
cathodic half-cycles (approximately the pre-selected current density of G  A dm-). 




Figure /.( Profiles during a single cycle of PEO processing at 4 Hz, with the current set to ±  A and a 
coating thickness of ~! µm, showing (a) voltage and (b) current, both the total and that flowing through 
the small area sample. 
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It can be seen that the cathodic current through the small area reflects the total 
current, taking account of the area ratio between small and large samples, the greater 
significance of edge effects for the small sample, and some coating on the cylindrical 
face between the wire and the resin. This suggests a cathodic process that is smooth and 
continuous, such as might be expected for conversion of protons to hydrogen gas. In 
contrast to this, the anodic current is made up of a series of current pulses corresponding 
to discharges. The integrated area of these pulses in a single half-cycle does not 
necessarily correspond to the area-normalised total current, since there are likely to be 
variations in the number of discharges in each cycle and, there may be periods of several 
cycles when there are no discharges on the small sample. Figure F. shows nine images 
of the small area sample, taken at different times during the anodic part of the cycle 
shown in Figure F. . It can be seen that the periods during which there are current pulses 
correspond with images in which light is being emitted from two distinct points on the 
surface of the sample, corresponding to two active discharge cascades. Observations of 
this type, which were discussed in some detail in Chapter 4, confirm that the anodic 
current pulses arise from “cascades” of discharges, which tend to occur in particular 
locations.   
These characteristics, including the absence of well-defined discharges in the 
cathodic half-cycle, are consistent with the majority of previous observations and 
reports.  




Figure /.& Individual high-speed video images of the small area sample, taken during the run that 
produced the data in Figure F. , with times indicated that correspond to those plots. There are two cascade 
locations undergoing discharging during this particular anodic half-cycle. 
7.2.2 Effect of supply frequency on discharge characteristics  
As the supply frequency was increased, and the half-cycle period started to approach 
typical lifetimes of the discharges, certain changes were observed in the nature of the 
voltage and current profiles, although, as with the behaviour at 4 Hz, there were some 
cycles in which no discharges occurred on the small sample. Figure F.G, which shows 
profiles from experiments carried out at ,4 Hz after  # minutes of PEO processing 
(giving a coating thickness of ~! μm), illustrates these changes. The voltage profiles 
(Figure F.G(a)) are similar to those at 4 Hz (Figure F. (a)), except that the cathodic 
voltage has risen to about 4 V, compared to  4 V at 4 Hz, while the anodic voltage 
remained unchanged at about - V. This suggests a switch to a cathodic process that 
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requires a larger driving force. It is also clear from the current profiles (Figure F.G(b)) for 
the small area that changes have occurred in phenomena occurring during the cathodic 
part of the cycle. While the anodic discharges are still taking place with approximately 
unchanged lifetimes, of the order of  – µs (now occupying most of the half-cycle), 
and similar current levels of ~4–  mA, there are now clear current pulses in the 
cathodic part of the cycle as well. Moreover, some of these pulses rise to higher current 
levels than those of the anodic discharges, with peaks approaching  mA.  
Experimental runs were carried out over a range of frequencies. Cathodic discharges 
were only detected above a supply frequency of  ,F4 Hz. 




Figure /., Profiles during PEO processing at ,4 Hz, with a coating thickness of about ! µm, showing 
(a) voltage and (b) current, both the total and that flowing through the small area sample. 
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Confirmation that these cathodic pulses correspond to discharges is provided by 
high-speed photography observations, with the images in Figure F.! showing 
superimpositions of the set of frames (4 images) covering each half-cycle, that light 
emission accompanies both anodic and cathodic pulses. It also appears that, as for the 
anodic discharges, those in the cathodic half-cycle also occur in spatially localised 
“cascades”. In the example shown in Figure F.!, the two types of discharge occur in 
different locations, although this is not necessarily a general feature, since they occur in 
the same location for the example in §4.G.!. This suggests that the (microstructural or 
electrical) “priming” of a site by a discharge, making it a likely site for the next discharge, 
does not necessarily operate for discharges with the opposite polarity, or that there is 
insufficient time for the pore channel to refill with electrolyte when the polarity is 
switched. 
 
Figure /.* Sequence of superimposed sets of video images (each made up of 4 separate images, covering 
one of the - half-cycle periods shown in Figure F.G), during PEO processing at ,4 Hz, with times 
indicated that correspond to those plots. The first row of images is from the anodic half-cycles, with 
discharges occurring in one location. The second row of images is from the cathodic half-cycles, with 
discharges only occurring in two of the three cathodic periods, in a spatially localised region that is 
separate to the anodic cascade location.  
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7.3 Promotion of cathodic discharges 
7.3.1 Effect of coating thickness 
There were no cathodic discharges recorded during 4 Hz processing of Al in this 
work, as is commonly observed and reported. However, as shown in the previous 
section, cathodic discharges can occur when processing at high (,4 Hz) frequency. 
The effects of coating thickness were investigated using Al- 4 plates, processed for 
various times. Mass gain and thickness measurements are presented in Figure F.4. The 
rate of coating growth remains approximately linear for 4 Hz processing, but a change 
occurs during high frequency processing at between  and 4 minutes, when the 
coating growth rate and mass gain drop significantly.  
 
Figure /.- Mass gain and coating thickness measurements for Al- 4 plates, as a function of processing 
time for 4 Hz and ,4 Hz process supply frequencies.  
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This change in coating growth rate coincides with the onset of cathodic discharges 
during the high frequency processing. These cathodic discharges only form once the 
coating thickness has reached around G–! μm. Figure F.- shows the number of 
cathodic and anodic discharges that occurred during a  FG ms camera recording 
(covering ~!G cycles of the applied potential), of a G mm area in the centre of the 
plates, after different processing times. This is a relatively short snapshot of the process 
and the number of active discharge sites is quite small, so there are some statistical 
variations in the data presented. However, a clear trend can be seen, with the number 
of cathodic discharges increasing significantly above ~ minutes of processing, rising 
to a plateau value after ~4 minutes of processing. Anodic discharges, on the other hand, 
occurred throughout the process, with their frequency dropping off with increasing time 
(at least over the initial  4 minutes of processing). This observation of anodic discharges 
becoming rather less frequent, but more energetic, as the coating becomes thicker, has 
been made many times previously. Noting the log scale of this plot, it can be seen that, 
even when cathodic discharges become established, they remain substantially less 
common than anodic ones. 




Figure /.. Data for the spatial and temporal frequency of both anodic and cathodic discharge during 
processing at ,4 Hz, taken from a series of short video sequences (each  FG ms long), covering a 
representative (G mm) area of the sample.  
The evolution of the applied potential, which is allowed to vary freely to achieve a 
set current density of G A dm-, is shown in Figure F.F. The anodic voltage for high and 
low frequency remain very similar throughout processing. The cathodic voltage, at 
4 Hz, gradually increases with processing time from around -   V to - !4 V after G 
minutes of processing. At ,4 Hz, the cathodic voltage increase at a faster rate from -
 G4 V to -4 V in the first  minutes of processing, and then at a more gradual rate for 
the remaining   minutes. The initial increase in cathodic voltage implies the cathodic 
process is more difficult at higher frequency, due to some kinetic effects. The change in 
gradient coincides with the increase in the number of cathodic discharges. This suggests 
a change occurs in the cathodic process at this time. Once a critical cathodic voltage is 
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reached, cathodic discharges are able to occur readily, and carry much of the imposed 
current, rather than the discharge of protons at hydrogen gas.      
 
Figure /./ Evolution of the anodic and cathodic voltage during PEO processing at 4 Hz (red) and 
,4 Hz (blue) of Al- 4 plates at G A dm-. The anodic voltage is very similar throughout processing 
for both cases, however, the cathodic voltage at high frequency deviates from the low frequency case.   
7.3.2 Microstructural effects of high frequency and cathodic discharges  
The plates processed for G,  , and G minutes at 4 Hz and ,4 Hz were chosen 
for microstructural examination. The micrographs in Figure F.# show the evolution of 
the coating free surface at 4 Hz and ,4 Hz. In general, the samples processed for 
the same times at different frequencies have similar microstructures. At short processing 
times, the discharge channel pores are relatively small (around   μm diameter) and 
numerous. Longer PEO processing causes the features to coarsen, with pancake 
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diameters reaching several tens of microns across, as has been widely reported. 
However, the sample processed for G minutes at ,4 Hz contains a number of large, 
deep craters, which are not present in the 4 Hz G minute sample. One such crater can 
be seen in the centre of the bottom right image of Figure F.#. A more complete 
impression can be seen in Figure F.H, which shows a low magnification image of the G 
minute sample processed at ,4 Hz. There are clearly several large craters (up to 
  μm across) surrounded by large regions of relatively smooth coating.  




Figure /.0 Micrographs showing the free surface of coatings formed on Al- 4 at 4 Hz and ,4 Hz, 
for G,  ,   and G minutes of PEO processing. 




Figure /.1 Low magnification micrograph of the free surface of a sample processed for G minutes at 
,4 Hz, showing several large craters surrounded by relatively smooth coating.  
Figure F.  shows the cross-sections of coatings produced at 4 Hz and ,4 Hz for 
various stages of PEO processing. At short processing times (G minutes), the substrate 
coating interface is relatively smooth, and similar to an uncoated sample. The samples 
processed for   minutes appear very similar for both frequencies, with microcracks, sub-
micron pores, and coarse pores (4–  μm). Differences become more apparent at longer 
processing times, with the higher frequency samples appearing more homogenous and 
dense, and the lower frequency samples exhibiting an outer layer that not well bonded 
to the lower part of the coating.  
Although large sections of the high frequency samples appeared to give an attractive 
microstructure, there were also some large-scale defects. Examples of such defects are 
shown in Figure F.  . A large dip in the coating substrate interface can be seen, with an 
eruption of coating material above. These were open to the free surface and are likely to 
be the cross-sections of the craters seen in Figure F.H. Additionally, cracks can be seen 
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that penetrate right down to the substrate, which are likely to be detrimental to 
corrosion resistance. It seems likely that these craters were the result of cathodic 
discharges, quite possibly as a consequence of energetic, long-lived cascades. They form 
only under the conditions (high frequency, with relatively thick coatings) confirmed 
above as being those that are required in order to stimulate such cathodic discharges.  
 
Figure /.(6 Micrographs showing the cross-sections of coatings formed on Al- 4 at 4 Hz and 
,4 Hz, for G,  , and G minutes of PEO processing. 




Figure /.(( Micrographs showing examples of large craters in the cross-sections of samples processed at 
,4 Hz for G minutes at (a) low magnification, showing a large crater surrounded by a relatively 
homogenous coating, and (b) a higher magnification image of (a), where it can be seen that there are 
cracks penetrating through the coating all the way down to the substrate.    
7.4 Gas evolution under different electrical regime s 
Gas evolution is not routinely monitored during PEO processing, however, there are 
some limited studies outlined in §G.G. In the present work, only the gas evolution rates 
were measured, with no compositional analysis, which are of potential interest in 
considering the processes occurring during PEO. Two frequencies are considered, 4 Hz 
and ,4 Hz. The experimental set-up is depicted in Figure !.-. Two samples were 
processed in parallel, a shunt sample, and a monitoring sample. The gas is only collected 
from the monitoring sample, and the current flowing to the monitoring sample is 
measured.  
The results of the gas evolution monitoring are shown in Figure F. , along with the 
mass gain of standard plate samples processed under similar conditions (i.e. the data 
presented in Figure F.4). It can be seen that the gas evolution rate and mass gain is 
approximately constant throughout processing at 4 Hz supply frequency. However, at 
,4 Hz supply frequency the gas evolution rate follows the same trend as 4 Hz up 
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until ~ minutes of processing, where there is an abrupt change in gradient. This 
coincides with a change in gradient of the mass gain, for ,4 Hz processing 
conditions, which actually levels off completely after ~4 minutes of processing. It can 
be seen that the gas evolution rates are significantly higher than the maximum 
electrochemical Faraday gas yield, indicated by the black dotted line, assuming all the 
current (taken to be .- A) produces H under cathodic polarisation, and O under 
anodic polarisation. 
 
Figure /.(& Plot showing the volume of gas liberated from the monitoring sample, and the mass gain of 
standard plate samples (processed individually) under similar conditions. The black dotted line shows the 
maximum electrochemical Faraday yield for a monitoring sample current of .- A.   
These results confirm previous reports that gas liberation during PEO exceeds the 
Faraday yield. Although the composition has not been measured, it is highly likely to be 
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a mixture of H and O gas. Gas may be generated by, H evolution under cathodic 
polarisation, a small amount of H due to oxygen (from water molecules) combining 
with metal ions to form oxide, and a mixture of H and O gas from thermal 
decomposition of HO. Some simple calculations of the amounts of gas produced from 
potential sources are presented below.   
For 4 Hz, with no cathodic discharges, it is likely that during the cathodic part of 
the cycle, all of the current is carried by hydrogen evolution on the sample. Assuming 





=  (11) 
where R is the gas constant, T is the temperature of the gas, and P is the pressure of the 






=  (12) 
where Ic is the average cathodic current through the sample, t is the process time and F 
is the Faraday constant. The factor of ! comes from the cathodic half-cycle being 4% 






=  (13) 
During the 4 Hz run concerned, Ic = .# A, and the temperature was ~ °C (H4 K). 
This gives, vc ~H mL, for G minutes of processing, assuming the pressure to be 
atmospheric (  bar).  
To produce the oxygen present in the coating, water must be decomposed, causing 
hydrogen gas to be released. Assuming that the coating is pure alumina, the volume of 
hydrogen gas, va, evolved in this way is given by 
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∆=  (15) 
where Δm is the mass gain of the monitoring sample and Mr(Oxygen) is the molecular 






∆=  (16) 
For the 4 Hz case, after G minutes of processing, Δm = . - g, giving va =  H mL. The 
total amount of gas evolved during this run was vtotal = G mL, meaning this is a 
relatively small contribution. 
The remainder of the gas evolved is likely to be produced via thermal decomposition 
of water molecules. Relatively large quantities of water do enter the plasma and become 
ionized during discharge formation. It is thermodynamically favourable to reform HO 
from these ions as the plasma collapses and cools. However, the transient nature of 
discharges, as well as the very high temperatures that are rapidly quenched, means there 
may simply be kinetic effects preventing full recombination of hydrogen and oxygen as 
the plasma cools and collapses.  
The increased gas evolution rate at ,4 Hz occurs around the same time as 
cathodic discharge start to occur. It therefore seems highly likely that the cathodic 
discharges were responsible for the increased gas evolution rate. As this transition 
occurs, the majority of the cathodic current will no longer be carried by hydrogen 
evolution, but rather as discharges in a similar manner to the anodic half-cycle. Simple 
calculations show that the gas is not being evolved in a purely electrochemical manner, 
and the discharges are the obvious source of this excessive gas evolution. There are no 
issues in terms of conservation of energy here, since the electrical power put into the 
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PEO process is large compared to the energy required to produce this volume of gas by 
thermal decomposition of HO molecules. The same mechanism (of water entering the 
plasma, becoming ionised and failing to recombine fully on cooling) is expected to 
operate for cathodic discharges as well as anodic ones. It follows that with discharges 
occurring during both half-cycles that the gas evolution rate should increase 
significantly, and, in fact, the gas evolution rate almost doubles after cathodic discharges 
start to occur.  
7.5 Coating formation rates 
Requiring explanation is the observed sharp drop in the rate of mass gain (i.e. the 
oxide formation rate) as cathodic discharges become common. It might have been 
expected that the oxide formation rate would rise (with oxide now being formed, via 
similar mechanisms, in both anodic and cathodic parts of the cycle). However, the 
observations made regarding the nature of the cathodic discharges must be taken into 
consideration. There are indications, such as the relatively high discharge currents in 
Figure F.G, that cathodic discharges tend to be more energetic than anodic ones. This is 
consistent with the microstructural observations, with cathodic discharge sites, such as 
those in Figure F.H, showing evidence of more violent events than those typical of anodic 
discharges. It certainly seems possible that, rather than new (molten) oxide being 
redistributed fairly smoothly around adjoining regions of the coating, as apparently 
happens during anodic discharges, cathodic discharges may result in much of this 
material, and possibly previously-formed oxide in the vicinity, being ejected into the 
electrolyte. This could give rise to almost any net rate of mass change, including the 
observed one of being close to zero.  
It may also be noted that losing material in this way during individual discharges in 
a cascade sequence might be expected to prolong that cascade. New oxide formation 
normally leads eventually to the electrical resistance of the region rising sufficiently to 
terminate the cascade, but this mechanism would not operate effectively under these 
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circumstances. This is something that it should be possible to confirm experimentally, 
although tracking an individual cascade through its complete lifetime is not simple, 
using either electrical or optical monitoring, because these cascade lifetimes tend to be 
very long on the scale of discharge lifetimes. 
7.6 Summary 
The information presented here from synchronised high-speed video and electrical 
monitoring, as well as microstructural observations and gas monitoring start to provide 
valuable information regarding the phenomena occurring during the cathodic half-cycle 
of PEO processing, and some of the effects of high frequency processing. As has been 
widely reported, during 4 Hz processing, discharges solely occur during the anodic 
half-cycle. The voltage during the cathodic half-cycle is substantially lower than for the 
anodic half-cycle, for the same imposed current density, and both polarities exhibit a 
gradual increase in voltage with processing time. This is due to asymmetry in the metal-
oxide-electrolyte system rather than being causing by processing parameters. The 
increase is most likely caused by the increasing coating thickness. If breakdown occurs 
over a thin residual oxide layer at the base of a pore channel, then as the coating 
thickens, there is increased resistance from the column of electrolyte filling the pore 
channel.  
High frequency processing leads to breakdown under cathodic polarisation. This 
only occurs after a certain processing time or coating thickness has been achieved, 
around  minutes with the present conditions. The cathodic voltage tends to increase 
at a much faster rate than at lower frequencies, up until cathodic discharges start. This 
implies the normal cathodic process, which is most likely to be hydrogen evolution, 
becomes more difficult at higher frequencies, which is a kinetic effect. At higher 
frequencies, there is less time for the H+ ions to move, under the influence of the electric 
field, through the coating and reach the bottom of pore channels where they are 
discharged as hydrogen gas. As the coating thickens, there is a greater distance for the 
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H+ ions to move, meaning a larger electric field is required to maintain the imposed 
current, hence the cathodic voltage rises. Once the electric field reaches a critical value, 
dielectric breakdown can occur and cathodic discharges are initiated, in a similar 
manner to anodic discharges. These cathodic discharges are able to carry the imposed 
current, instead of the conventional process of hydrogen evolution, meaning the 
cathodic voltage no longer needs to increase at such a fast rate. Interestingly, the gas 
evolution rate increases once cathodic discharges start. The cathodic process is no 
longer simply hydrogen evolution, so it might be expected that gas evolution should 
decrease. However, it is clear that the volume of gas liberated is well above the 
electrochemical Faraday yield. This means the discharges must be contributing to gas 
liberation in an alternative manner, most likely through thermal decomposition of water 
molecules into hydrogen and oxygen gas. Although thermodynamically favourable, 
there may not be sufficient time for recombination of the ions as the plasma is quenched. 
Therefore, as more discharges occur (during the cathodic half-cycle as well as the anodic 
half-cycle) the volume of gas liberated actually increases.   
Thermodynamically there is no reason that cathodic discharges cannot contribute to 
oxide formation. A discharge simply exposes metallic substrate to an oxidising agent in 
the electrolyte (via a high temperature plasma), so they might regarded as beneficial. 
However, the mass gain of samples processed at high frequency actually levels off after 
cathodic discharges start. The cathodic discharges here tend to reach higher peak 
currents than anodic discharges and emit higher light intensity. The microstructural 
observations show that several large, deep craters in the sample surface have been 
generated by the cathodic discharges. This is perhaps unsurprising, given the 
significantly higher peak currents (and electrical energy) associated with cathodic 
discharges, compared to anodic discharges, making them particularly violent. Coating 
material is likely to be blasted off the surface by such discharges, leaving behind large 
craters and preventing further mass gain. Of course, anodic discharges may 
subsequently occur in these “damaged” regions to re-grow a thick oxide layer, or the 
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cathodic discharges may also be generating oxide material, but these large craters are 
unlikely to be an attractive feature of a PEO coating. Cracks can be seen to penetrate 
right through to the substrate material, which would lead to poor corrosion resistance. 
However, there do appear to be some benefits of the high frequency processing. The 
cross sections of high frequency coatings, between the large craters, appear be to more 
homogenous and dense, than equivalent coatings produced at 4 Hz. There may be 
potential benefits to producing coatings at these high frequencies if the damaging 
cathodic discharges can be avoided or their intensity reduced. 
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Chapter 8  
 
Conclusions 
8.1 Characteristics of discharge events 
 Characteristics of individual discharge events on aluminium have been investigated 
in the present work using a combination of experimental techniques. High-speed video 
monitoring, synchronised with electrical measurements, gas evolution studies, and 
microstructural examinations have elucidated a number of features of the PEO process, 
which include: 
a) Individual discharges have a strong tendency to occur in sequences termed 
“cascades”, at well-defined physical locations, which was confirmed by 
high-speed photography. Previously established electrical characteristics, 
such as typical lifetimes and incubation periods between discharges within a 
cascade, were verified by high-speed photography, along with their evolution 
with coating thickness.   
b) Cascades persist at particular locations over multiple cycles of the applied 
potential, particularly for thicker coatings. The number of discharges in a 
cascade has been observed to run into many hundreds (for a cascade that was 
still active), although it is likely that the true number may be into the 
thousands.  
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c) The microstructural effects of a discharge cascade are confined to an 
approximately circular region, a few tens of microns in diameter, centred on 
a discharge channel. The discharge channel extends almost through the entire 
coating thickness to the substrate, where there is a thin oxide layer, which 
was shown by tomography of an active discharge channel.  
d) Discharges persist in the same location, even if the PEO process is 
interrupted, the sample removed, dried, and replaced in the electrolyte before 
the process is restarted. This strongly suggests that it is residual 
microstructural features, particularly the pore channels, that are ensuring 
that the cascade persists in the same location, rather than short term effects 
such as residual thermal or electrical fields. 
e) The ignition of a discharge, and creation of a plasma channel through the 
thickness of the coating, is quickly followed by formation and growth of a 
large hemi-spherical gas bubble, centred on the plasma channel. 
f) This bubble grows rapidly, typically reaching a radius of about 4 µm during 
the lifetime of the discharge. It seems likely that this bubble growth is 
responsible for a sharp increase in the electrical resistance of the current path, 
leading to the current shutting off. From the observed rate of growth of the 
bubble, it is concluded that the peak over-pressure within it is relatively low 
(of the order of   atmosphere). 
g) These features indicate that the sequence of events occurring during a 
discharge cascade is as follows;  
i) The discharge is initiated by dielectric breakdown across the oxide layer 
at the base of the pore channel. 
ii) A high temperature plasma forms, currents starts to flow and Joule heating 
occurs. 
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iii) Metallic substrate atoms are exposed to oxidising agents from the 
electrolyte in the plasma. A gas bubble forms above the discharge channel, 
which expands and causes the electrical resistance to increase. This in turn 
causes the current to shut off, and the plasma to cool and collapse.  
iv) New oxide material condenses in the surrounding regions of the discharge 
channel. The bubble shrinks as water vapour condenses, heating up the 
surrounding electrolyte.  
v) The pore channel refills with electrolyte, and the process starts again. 
h) During high frequency power supply regimes, discharges can occur under 
cathodic polarisation. These discharges tend to be violent (higher energy than 
anodic discharges, with more light emission), and cause large craters to form 
in the coating. 
i) Cathodic discharges are likely to be caused by the higher cathodic applied 
potentials, which are established to maintain a set current density, at high 
frequency compared with low frequency processing. This is a kinetic effect, 
most likely related to the mobility of hydrogen and hydroxyl ions through the 
electrolyte within the pores on the coating.   
j) Gas evolution rates are significantly above the electrochemical Faraday yield. 
This strongly suggests another mechanism of gas evolution, related to 
discharges, is occurring, such as thermal decomposition of water molecules. 
Once cathodic discharges start, the gas evolution rate increases significantly, 
providing further evidence that the discharges are responsible for the 
excessive gas evolution. 
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8.2 Energetics of individual discharges 
It is noted that energy consumption during the PEO process is relatively high. 
Improved understanding of discharge characteristics may point the way towards 
promising measures to reduce this. The information presented from synchronised 
current monitoring and high-speed video imaging of individual discharges formed 
during PEO processing at 4 Hz AC allows the following conclusions to be drawn:  
a) An order of magnitude estimate relating to substrate oxidation associated 
with individual discharges is ~  G–  ! J m−G.  
b) Estimates of the aggregate discharge energy involved in a cascade of, say, 
 , discharges, and the relationship between this and the volume of oxide 
created provides some understanding of why cascades persist for extended 
sequences. The associated increase in the average coating thickness of a 
  μm diameter circular area is ~4 µm., which is moderate increase if the 
coating is already   μm thick. Eventually, this process presumably raises the 
electrical resistance of the region sufficiently for the cascade concerned to 
shut down.  
c) It is deduced that the bubble growth at the top of a discharge channel occurs 
as a consequence of the rapid volatilisation of a large quantity of water 
(electrolyte), which remains at relatively low temperature and pressure as 
bubble expansion occurs. Once the discharge current has been shut off, the 
bubble contracts rapidly as this water vapour condenses, releasing most of the 
energy of the discharge into the bulk of the electrolyte and raising its 
temperature. 
d) A semi-quantitative audit has been carried out concerning the injected 
electrical energy and its transformation between the forms represented by the 
existence of the plasma, the melting and volatilisation of substrate and 
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coating, the vaporisation of water to create the bubble and the heating of the 
bulk electrolyte. 
8.3 Future work 
There is significant scope for work relating to understanding the fundamentals of the 
PEO process. The exact mechanisms of discharge cascade initiation and termination are 
yet to be fully understood, and should be the focus of further investigations. Some of the 
techniques used here would provide a useful tool for such investigations, and could be 
supplemented by additional techniques, for example, time-resolved optical emission 
spectroscopy to determine the evolution of the electron temperatures and densities 
within a discharge plasma. 
Accurate measurement of the gas composition evolved during PEO processing would 
be very useful to verify the source of the excessive gas yield. For example, the gas 
composition would be expected to change when the cathodic process switches from 
hydrogen evolution to cathodic discharges carrying the cathodic current.  
Further investigations of the microstructural effects of high frequency processing 
would be beneficial, including varying the duty cycle and current delivered during each 
half-cycle. There is some limited evidence that high frequency processing could provide 
an attractive coating microstructure (dense and homogeneous), but only if powerful 
cathodic discharges can be avoided.  
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